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OPENING  REMARKS 


DR.  E.  A.  GERBER 
(retired) 

US  ARMY  ELECTRONICS  RESEARCH  AND  DEVELOPMENT  COMMAND 
FT.  MONMOUTH,  NJ  07703 


On  behalf  of  the  United  States  Army  Electronics 
Research  and  Development  Command,  parent  command  of 
the  sponsoring  Electronics  Technology  and  Devices 
Laboratory,  I  take  great  pleasure  In  welcoming  you 
all  here  and  formally  open  the  36th  Annual  Frequen¬ 
cy  Control  Symposium.  I  am  speaking  here  for  Major 
General  Emmett  Paige,  Jr.,  the  Commanding  General 
of  the  Electronics  Research  and  Development  Command 
and  for  Dr.  Clalrence  Thornton,  Director  of  the 
Electronics  Technology  and  Devices  Laboratory.  Both 
gentlemen  are  attending  an  important  conference  in 
Washington  and  regret  very  much  that  they  cannot  be 
with  us  today. 

I  would  like  to  extend  a  special  welcome  to  our 
friends  from  other  countries.  It  is  always  excit¬ 
ing  to  realize  how  much  the  common  interest  in  a 
field  of  science  and  technology  is  uniting  people 
across  distances  and  political  boundaries. 

It  gives  me  great  satisfaction  personally  to 
again  be  able  to  attend  this  annual  event.  I  only 
missed  the  Symposium  of  1959  of  all  the  36  confer¬ 
ences.  But  please  do  not  draw  the  wrong  conclusion 
as  to  my  expertise  in  our  field.  When  you  are 
moved  into  management,  away  from  personal  research, 
you  don't  have  the  opportunity  to  remain  in  contact 
with  the  activities  in  specific  technical  topics 
and  you  will  be  surprised  how  fast  technology  moves 
forward  without  you.  But  when  I  finally  retired,  I 
^as  able  to  return  at  some  degree  tc  my  favored 
hSft^vi  frequency  control .  I  was  amazed  how  far  you 
have^progressad  in  controlling  all  the  disturbing 
influences  of  time,  design  and  environment  on  our 
frequency  control  devices. 


At  this  occasion,  I  cannot  resist  the  tempta¬ 
tion  to  look  back  at  the  birth  of  our  conferences. 

It  happened  In  1947  when  the  first  symposium  was 
held  In  a  conference  room  of  the  former  Squire 
Signal  Laboratory.  The  purpose  of  this  first 
meeting  was  to  review  progress  on  the  various  con¬ 
tracts  to  assist  the  military  In  future  program 
planning.  The  next  three  symposia  were  expanded 
and  moved  to  Gibbs  Hall.  After  that  they  were 
moved  to  Asbury  Park  in  1951  and  stayed  there  until 
the  first  meeting  in  Atlantic  City  in  1960,  the 
fourteenth  symposium. 

,  I  remember  too  well,  by  today's  standards,  all 
v  ibe  frequency  control  devices  available  in  1947 
were  totally  inadequate.  The  holders  leaked,  high 
frequency  crystal  units  aged  or  drifted  badly  and 
they  had  high  resistance  at  low  drive  levels. 

There  was  considerable  variation  of  resistance  with 
temperature  and  many  of  them  had  unwanted  modes 
which  caused  off-frequency  operation  of  the  equip-_^ 
ment. 

It  is  beneficial  once  in  a  while  to  look  back 
in  order  to  be  proud  and  happy  on  the  tremendous 
progress  which  has  been  achieved  in  crystals.  A 
similar  statement  is  valid  for  our  atomic  standards 
considering  how  much  we  have  gained  in  accuracy  and 
ease  of  operation  together  with  a  tremendous  re¬ 
duction  in  size  specifically  when  we  remember  the 
first  eight-foot  Cesium  beam  aiant.-^  But  now  enough 
of  the  past.  j.et  us  begin  to*Jook  at  today's  pro¬ 
gress  in  our  field  and  get  some  glimpse  of  new  ad¬ 
vances  the  future  may  bring  for  frequency  control., 

r  ( ' 

In  this  regard,  I  wish  all  of  you  an  interest-  1 
ing,  profitable  and  enjoyable  meeting. 

Thank  you. 
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third  overtone  quartz  resonator 

R.D.  Mindlin 

89  Deer  Hill  Drive,  Ridgefield,  CT  06877, U.S. A. 


ABSTRACT  -  The  Lee-Nikodem  equations  of  motion  of  elastic  plates  are  solved 
for  the  case  of  vibrations  of  a.i  AT-cut  quartz  strip,  with  free  faces  and 
edges,  at  frequencies  up  to  and  including  the  third  harmonic  thickness-shear 
overtone. 


1.  Introduction 

About  30  years  ago,  A.W.  Warner  [1]  developed  a  high  precision 
crystal -plate  resonator  utilizing  the  third  harmonic  overtone  of  thickness- 
shear  vibration,  i.e.  a  mode  involving  a  thickness-shear  motion  with  three 
nodes  across  the  thickness  of  the  plate  rather  than  the  one  node  of  the 
fundamental  thickness-shear  mode.  At  about  the  same  time,  equations  were 
developed  which  extended  the  classical  (Lagrange-Germain-Cauchy)  range  of 
frequencies  to  include  that  of  the  fundamental  thicknes-shear  mode;  but  it 
was  not  until  much  later  that  Lee  and  Nikodem  [Z,3]  formulated  equations 
suitable  for  studying  vibrations  at  frequencies  of  the  harmonic  overtone 
modes  of  thickness-shear. 

In  the  present  paper,  the  Lee-Nikodem  third-order  equations  are 
solved  for  a  case  of  rotated-Y-cut  quartz  plates  with  free  faces  and  a  pair 
of  parallel,  free  edges.  The  results  of  computations  for  the  AT-cut  plate 
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are  presented  for  vibrations  in  the  neighborhood  of  the  frequency  of  the 
fundamental  thickness-shear  mode  and  in  the  neighborhood  of  the  third 
harmonic  overtone.  The  differences  between  the  two  exhibit  some  of  the 
reasons  for  the  higher  stability  of  the  latter. 


2.  Lee-Nikodem  Equations 

To  obtain  two-dimensional  equations  of  motion  of  plates  from  the 
three-dimensional  equations  of  linear  elasticity,  Lee  and  Nikodem  start  with 
an  expansion  of  the  three-dimensional,  rectangular  components  of  displacement, 
Uj  ,  j*l,2,3,  in  series  of  trigonometric  functions  of  the  thickness-coordi¬ 
nate,  X2  ,  of  the  plate: 

ao 

u i  *  /Ew  ujn>  cos  nB  ,  (1 ) 

J  n»0  J 

where  the  ujn^  are  independent  of  x2  and 

6  =  ti(1  -  x2/b)/2  (2) 

in  which  b  is  the  half-thickness  of  the  plate.  The  functions  cos  nfi  give 
the  shapes  of  the  simple  thickness-modes  of  an  infinite,  isotropic  plate  with 
free  faces  at  x2  *  +  b  . 

The  expression  (1),  for  the  u^  ,  is  substituted  in  the  variational 
equation  of  motion  [4]: 
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u.i  -  p2j)6ujdv  ■  ° 


(3) 


where  the  T^j  are  the  components  of  stress ,  p  Is  the  mass  density  and 
V  Is  the  volume.  The  Integration  Is  performed  over  the  thickness  of  the 
plate  and  leads  to  stress-equations  of  motion  of  order  n  ;  which  are, 
omitting  the  terms  accounting  for  surface  tractions, 

t{J}  -  (nn/2b)  -  enpujn>  ,  (a) 

where 

Tl'j)  "  b_1  fhj  cos  d*2  •  T1j)  *  b_1  f\j  s,n  ne  dx2  * 

-b  -b 

(5) 

and  en»2  for  n  -0  and  en  *  1  for  n>0.  (Corrections  of  [3]  by  a 
factor  of  2,  for  n»0  ,  were  kindly  supplied  by  Professor  Lee). 

The  three-dimensional  strain-displacement  relations, 

S1j  *  (uJ,1  *  u1.j)/2  *  (6) 

become,  with  (1), 

OS 

SH  *  2  (s{7)  cos  n 6  *  §{l^  sin  rifc)  ,  (7) 

where 
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3.  Reduction  to  a  Special  Case 


The  example  to  be  studied  is  one  of  steady  vibrations  at  frequencies 
high  enough  to  Include  the  third  harmonic  overtone  of  the  thickness-shear 
family  of  modes  of  an  AT-cut  quartz  plate  bounded  by  free  faces  at  x.,*  +  b 
and  free  edges  at  x^»  +  a.  The  modes  are  to  be  straight-crested  along  x^ 
and  antisymmetric  with  respect  to  both  x^  and  x^  .  Thus,  we  take,  of  (1), 
only 


u,  « 

(uj1) 

cos  6  +  uj3)  cos  36)  e1ut  , 

u2  * 

(U<°> 

♦  u<2>  cos  26)  e1ta,t  , 

(14) 

u3  * 

(•40) 

+  u<2>  cos  26)  eiut  , 

In  which  the  ujn^  depend  only  on  Xj  .  The  second  term  in  u1  accommodates 
the  third  harmonic  overtone  thickness-shear  mode. 

What  remain  of  the  stress-equations  of  motion  (4)  are 


T12J  +  2  pu>2u*0)  *  0, 

TjlJ,  -  (u/2b)T^])  ♦  pw2^1)  »  0, 
t|2)  -  (ir/b)T^2)  +  pu2u^2)  =  0  , 


TSf>1-(,/b)T(|)*pu,2u<2> 
-(3»/2b)T^+  pcu2u}3) 


*  0  , 

*  0  . 
(15) 


and  the  only  non-zero  components  of  strain  are,  from  (8)  and  (14), 
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(0) 

’5 

=  u(0) 

u3,l  • 

e(0) 

6 

-  u(0) 
u2,l  * 

(1) 

1 

=  U(D 

ul,l  ’ 

=  (ir/2b)u^  , 

(2) 

-  u<2> 

s(2) 

-  u(2> 

'5 

'  u3,l  * 

S6 

‘  u2,l  * 

(2) 

2 

■  (m/bju^  » 

5(2) 

s4 

=  (m/b)u^  , 

(3) 

1 

=  u(3) 

ul,l  * 

?(3) 

b6 

=  (3*/2b)uj3) 

Nine  constants  of  elasticity,  referred  to  axes  in  and  normal  to  the 
plane  of  the  plate  (with  x-j  an  axis  of  two-fold  symmetry  of  the  elastic  pro¬ 
perties  of  quartz),  enter  into  the  present  example.  As  computed  by  A.  Ballato 

2  -9 

[5]  from  R.  Bechmann's  [6]  principal  constants,  they  are  (in  N/m  xlO  ): 


11  = 

86.74 

c12  =  -8.260543013 

C55  ' 

68.80698505 

22  = 

129.7663387 

C24  »  5.700423178 

C66  = 

29.01301496 

44  = 

38.61152627 

c14  «  -3.654869573 

C56  = 

2.533571817 

Of  the  remaining  twelve  constants,  four  (c-^,  023.  c^.  c^)  do  not  enter 
into  the  present  example,  as  the  modes  are  independent  of  X3  ;  and  the  others 

^c15*  c25’  c35’  c45’  c16*  c26’  c36’  c46^  are  zero  for  the  rotated*Y'cuts  of 
quartz. 

Lee  and  Nikodem  introduce  a  low  frequency  correction  factor  k-|  and  a 
high  frequency  correction  factor  k2  •  The  former  appears  as  a  factor  of  A-jq 
in  the  strain  energy  density  appropriate  to  the  present  example: 
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2(C55^0)^0)  +  =66^0,^0)  *  +  CllSn)sO) 

♦  ‘55  42)4Z)  ♦  ^2M2)  *  *w42M2)  ♦  c1,s{3)s{3> 

♦  ‘rf,*P>  ♦  .^sp)  ♦  ♦  c66S^S^  ♦  c6|S<3>5<3> 

+  2klA10(c66S60)  *  e56SS0)>5«1)  +  2A12(c66S62)  + 

+  2A21(c125^Z)  +  c14S^2))s|1)  +  2A23(c12Sp)  ♦  c14S^2,)s{3) 

+  +  C56S5°))S63)  +  2A32<C66S62)  +  c56S52)>S63)  • 


(17) 


where 
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A23  «  -8/57T  , 


A12  *  ~*/3lr  • 


A 30  “  4/3lr  • 


A21  »  8/3ir  , 


A32  «  1  2/5it  . 


(18) 


The  correction  factor  k2  ,  in  the  present  example.  Is  inserted  as  a  divisor 
of  the  term  2pui2u2°^  in  the  first  of  (15). 

Adjusted  values  of  k^  and  k2  ,  as  supplied  by  Professor  Lee,  are 

kj  -  ir2/8  ,  kjf  »  0.901.  (19) 

From  (12),  (17)  and  (16),  the  surviving  stress-displacement  relations 
are 
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T(0)  „ 
TU 


Tu  ■ 


T|i>  ' 


Af  • 


T0)  . 
'23 

TO)  , 

12 


**£1  '  ‘*<4!! '  v-M”  *  k''“!3)i  • 

cllul II  +  (8/3b)<c12u22)  +  CJ4U32^  * 
c55u3?i  +  c56[lJ2?l  -  (2/3b^ul0)  +  ns/5b)u{3)]  , 
c56u32]  +  c66[u2!l  -  <2/3b)ui^  +  08/5b)uj3)]  . 

(20) 

c„u{3>  +  ( 8/5b) { c-j 2u2  ^  +  c14u32^  * 

(4k1/it)(c5gii^j +cggU2 °j)  +  (n/2b)Cggu|^  -  {4/3ir)(c5gU^2] +Cggu£2j)  , 
(8/ir)c12(u^3^/3  -  u^3|/5)  +  (tr/b)(c22u^  +  c24u^)  , 

(8/it)c14(oj|.|/3  -  u|3j/5)  +  (TT/b)(c24u^2)  +  c44u^)  , 

(4/3*)(CggU^|  +  Cggu2  j )  +  (12/5ii)(c5gU^]  ♦  C66U2^I  ^  *  (3"/2b)c66u!^ 


The  displacement  equations  of  motion,  to  be  solved,  are  obtained  by 
substituting  the  stress-displacement  relations  (20)  Into  the  stress-equations 
of  motion  (15)  —with  k2  Inserted  In  the  first  of  (15),  as  mentioned 
previously. 

Finally,  the  edge  conditions  are 


T1(S)  «  T<°>  *  t{J)  -  rj2)  •  rj2)  -  t{3)  -  0  on  x,  -  ♦  a  .  (21) 
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4.  Dispersion  Relation 


In  (14)  we  take,  omitting  the  factor  e 


iut 


*  A^  sin  £x^  , 

-I2' 

N 

** 

rvj'-' «■ 
ro 

sin  5x1  , 

*  A^  sin  £x1  , 

42) 

sin  £x1  , 

■I" 

=  A^  cos  Cx1  , 

-i3> 

■  *i3> 

cos  Cx-j 

(22) 


and  substitute  first  in  (20)  and  the  result  in  (15)  to  produce  a  set  of  six 
simultaneous,  homogeneous,  linear  algebraic  equations  in  the  six  amplitudes 
Ajn)  of  (22): 


,  J\(0)  +  ,  fl(0)  X  A  +  D  +  f)  x  a  A 

all  x  a12fl3  a13”l  0  U  a16  i 


(3)  . 


a12A2°^  +  a22A3°^  +  a23Al  +  0  +  0  +  a26A] 


(3)  . 


a  A(0)  ♦  a  A(0^  ♦  a  A(1)  ♦  a  A(2)  ♦  a  A(2)  +  0 

a13  2  a23  3  a33  "l  a34A2  a35A3  U 

n  4  n  4  a  aO)  4  a  A  (  2 )  ,  A  (  2  )  ,  a(^) 

0  U  a34Al  +  a44A2  a45A3  a46Al 

0  +  0  +  a35Aj  ^  +  a4-A^  +  a5gA^  +  a56Aj  ^ 

a16A20)  +  a26A30)  +  0  +  a46A22)  +  ^  +  a66A!3) 


(23) 


The  coefficients  app  ,  made  dimensionless  and  real  by  some  manipulations 
of  the  equations,  are 


(24) 

a44  «  z2  +  4 c22-fl2,  a45  *  4£24  +  cggz2,  a4g  *  4(9  +  4c12)z2/5n  , 
a55  “  E55zZ  +  ^44  -  fl2  '  a56  *  4(4=14  +  ^5g)z2/5w. 

a66  =  (E11zZ  +  9  -  flZ)zZ  * 
where 

z  ■  2Cb/n  .  Cl  *  u/Z  ,  Zz  *  7T2cgg/4Db2  ,  cpq  *  c^/Cgg  ; 

i.e.  z  Is  the  ratio  of  the  thickness  of  the  plate  to  the  half-wave-length 
along  the  plate  and  (1  Is  the  ratio  of  the  frequency  to  that  of  the  funda¬ 
mental  thickness-shear  mode  of  the  infinite  plate. 

The  determinant  of  the  coefficients  of  the  A^n ^  ,  set  equal  to  zero: 

l*pql  *  0  .  (25) 

in  which  a14  ■  a^g  ■  a24  *  a2g  ■  a3g  «  0  ,  apq  »  aqp  ,  produces  the  dls- 
persion  relation  ft  vs.  z  :  a  sextic,  algebraic  equation  in  z  .  The 
equation  Is  the  same  as  (43)  of  [3]  except  for  the  factors  2  in  a^,  ai 2 *  a22 
as  already  noted  above  in  connection  with  (4).  Also,  here,  all  the  elements 
apq  are  real  as  a  result  of  multiplication  of  the  third  and  sixth  rows  and 
columns  by  z  . 
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The  six  branches  of  the  dispersion  relation,  computed  on  the  HP-85 
micro-computer,  are  illustrated  in  Fig.  1.  The  characters  of  the  branches 


are  indicated  by  their  Identifying  symbols: 

F  ■  Flexure 

FS  »  Face-shear 

lj  ■  1st  Thickness-shear  (in  x-j-direction) 

23  «  2nd  Thickness-shear  (in  x3-direction) 

3-j  «  3rd  (Harmonic)  Thickness-shear  (in  x-j -direction) 

22  *  2nd  Thickness-stretch  (in  x2-direction) 

The  subscripts  in  the  symbols  lj,  23,  3.j ,  22  designate  the  direction  of 
displacement  (or  predominant  displacement)  at  z-0,  whereas  the  numbers 
themselves  give  the  number  of  nodes  between  x2  *  +  b  .  Thus:  in  23  the 
displacement  at  z*0  Is  predominantly  in  the  direction  of  x3  with  two 
nodes  across  the  thickness  of  the  plate.  Note  that  the  roots  z  for  branches 
F  and  FS  are  real  for  all  ft  ,  but  the  roots  for  the  remaining  four 
branches  may  be  real  or  imaginary,  depending  on  the  frequency.  If  imaginary, 
the  variation  of  displacement  along  x1  is  exponential  or  hyperbolic  rather 
than  trigonometric. 

The  zigzags  in  the  curves  in  Fig.  1  result  from  the  spacing  of  dots 

on  the  cathode  ray  tube  display  of  the  HP-85.  The  figure  is  the  HP-85's  hard 

copy  of  the  CRT  display.  The  roots  z  were  actually  computed  to  an  accuracy 
-9 

of  10  —  a  precision  required  for  their  subsequent  use  in  solv-'ng  (34)  and 

(37).  Intervals  of  0.02  in  ft  were  employed  for  Fig.  1,  resulting  in  a  com¬ 
putation  time,  for  the  range  0<ft<4  ,  of  about  6  hours  or  about  18  seconds 
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per  root.  The  secant  iterative  method  was  used,  with  starting  values  given 

by  the  following  approximate  formulas,  followed  by  increments  of  10'®  in 
2  . 


F  :  z. 


2  I  =  6.42258(1+G)122[1  +(l+K)^]/m2  , 


FS 


(26) 

1  ;  ‘3  ' 

G  *  TT2/12(En  -c22/E22),  K  *  4G(12*2  -  1  )/(l+G)2  (27) 

2  _  n  ^,2 


0.44119  a 


(28) 


23  :  2 4 


j  2.229(£22/124  -  1 ) ,  12  <  124  , 
^0. 42395  (122/122  -  1  ),  12  >  124  , 


(29) 


2  •  z2 
*2  '  z6 


-  16(fl2/!2g  -  1),  £2  >  !26  , 


124«  12g  ■  2{C22  +  c44  +  [(^22  "  ^44)  +  ^24^^ 


(30) 

(31) 


Q.33799(122  -  9),  12  <  3  , 


I 

10. 


3l  ;  Zc  *  1  2 

1  s  '  ".40651  (122  -  9),  12  >  3 


(32) 


These  trial  roots  match  closely  or  exactly  the  roots  of  the  sextic  at  z  =  0 
and  at  12*0,3  (except  zg  at  12*3)  resulting  in  trial  values  adequate 
for  convergence  of  the  Iteration  for  all  0<!2<4. 
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S.  Frequency  Spectrum 


For  each  of  the  roots  z*  of  (25)>  five  amp11tude  rat1os>  say 

‘W’-®.  42M”-“3n-  ‘I31/*!’1-,.. 


5n* 

(33) 


may  be  found  from  five  of  the  six  equations  (23).  Thus,  with  the  third  of  (23) 
omitted,  we  may  write 


12un  In'  r  a22'zna2n' 
0  +  0 

0  +  0 


+  0 

+  0 

+  a16a5n 

II 

1 

Oj 

co 

+  0 

+  0 

+  a26a5n 

=  -"23 

+  a44<zn°3n> 

+  a45<zna4n> 

+  a46a5n 

=  -a34' 

*  a45!zna3n) 

+  a55(zna4n> 

+  a56a5n 

*  *a35 

+  a46(zna3n> 

+  a56(zn°4n> 

+  a66°5n 

*  0  . 

This  form,  IS  chosen  because  the  zna1n.  z^,  z^.  2(1a4n  and  %  are 
real  for  all  ft  ,  as  are  also  the  ap^ — as  arranged  previously. 

With  the  six  zn  from  (25)  and  the  thirty  app  determined  from  (34), 
we  may  now  write,  in  place  of  (22): 
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.(0) 


(1) 


,(2) 


u 

=  S  Vln  sin  Vl  * 

n=  i 

6 

"  ZJ  An  cos  Vl  * 

■S'-- 


4n  sin  Vl  * 


,(0) 


„(2) 


.(3) 


n=l 


ha2n  Sln  Vl  ’ 


■S'-- 


3n  Sin  Vl  *  (35) 


5n  C0S  Vi  * 


Upon  substituting  the  displacements  (35)  in  the  formulas  (20)  for  the 
stresses  and  the  results  in  the  edge  conditions  (21),  we  have  the  six  equations 


£v 


mn 


0  ,  m=l , ..6  , 


(36) 


where 


bln  =  (£56Znaln  +  =55zna2n  +  2kl£56/‘"  +  ZE56a5r,/V'  *  V  ’ 
b2n  =  <Vln  +  E56Zna2n  +  V"  +  2a5n/,r)cOS  V  * 
b3n  *  (*Ellzn  +  16zna3n/3  +  ^uW3^  si"  V  • 

b4n  =  ('4c56/3,r  +  c56zna3n  +  c55Zna4n  +  36c56a5n/5,T^cos  V  * 

b5n  =  (-4/3*  +  Zna3n  ♦  £56Z„a4n  ♦  36a5n/5TT)cos  z„£  , 

_  -  .  2  ~-l 

b^  *  (lbc,,z  a  /5m  +  16c,.z  a.  /5n  ♦  c,,znat  )z„  sin  z„£  , 

6n  12  n  3n  14  n  4n  11  n  5n*  n  n 


in  which  zn  *  mzn/2  *  Snb,  £■  a/b  and  the  b^  are  real  for  all  ft  . 
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The  roots  1  of  the  equation  obtained  by  setting  the  6x6  determinant 


of  the  coefficients  of  the  An  ,  in  (36),  equal  to  zero: 


mn1 


(37) 


produce  the  data  for  plotting  a  frequency  spectrum  ft  vs.  a/b  . 
The  results  of  computations  in  the  two  ranges: 


and 


0.99  <  ft  <  1.01  ,  16  <  a/b  <  24 

2.995  <  ft  <  3.005,  18  <  a/b  <  22 


are  illustrated  in  Figs.  2  and  3.  To  construct  these  figures,  the  six  roots 

zn  of  the  sextic  (25)  were  first  computed  for  a  given  ft.  Then  the  five 

linear  equations  (34)  were  solved  for  the  apn  for  each  of  the  six  zn  and 

the  resulting  combinations  of  apn  and  zn  substituted  in  the  transcendental 

equation  (37),  after  which  the  range  of  l(-  a/b)  was  traversed  in  steps  of 

0.1  for  Fig.  2  and  0.025  for  Fig.  3  and  the  value  of  lb  I  computed  at 

mn 

each  step.  A  change  of  sign  of  j bfnn |  indicated  a  straddled  root  l  which 
was  then  determined  to  10’^  by  successive  linear  interpolations.  The  process 
was  then  repeated  at  Intervals  of  ft  of  5x10"**.  Figs.  2  and  3  required 
about  58  and  49  hours  of  computation,  respectively,  on  the  HP-85. 

In  Fig.  2: 

F22.  ..30  are  overtones  of  flexure 

FS11...15  are  overtones  of  face-shear 

1^1  is  the  1S^  thickness-shear  (fundamental). 
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In  Fig.  3: 


F62...74 

are  overtones  of  flexure 

FS37...41 

are  overtones  of  face-shear 

1,33. ..35 

are  anharmonic  overtones  of 
thickness-shear 

the 

1st  (fundamental) 

2323...27 

are  anharmonic  overtones  of 
thickness-shear 

the 

2nd  transverse 

3,1  is  the 

3rd  harmonic  thickness-shear 

overtone. 

The  numbers  following  the  symbols  F,  FS,  1 , ,  2-,  and  3,  designate  both  the 
order  of  the  overtone  and  the  approximate  number  of  half-wave-lengths  between 
X1  a  1  a  • 

Fig.  2  illustrates  the  well  known  phenomenon  of  strong  coupling  of  the 
1st  thickness-shear  fundamental  with  flexure  overtones  and  weak  coupling  with 
face-shear  overtones.  Fig.  3  shows  that  the  3rd  harmonic  thickness-shear 
mode  has  moderately  strong  coupling  with  flexure  overtones  and  weak  coupling 
with  face-shear  overtones  and,  in  addition,  weak  coupling  with  transverse 
thickness-shear  overtones.  As  for  the  interaction  of  the  3rd  harmonic  thick¬ 
ness-shear  overtone  with  the  enharmonic  overtones  of  the  fundamental  thickness 
shear,  the  coupling  is  moderately  strong  at  small  a/b  (thick  plates  and  low- 
order  anharmonic  overtones)  and  diminishes  as  a/b  Increases  (thin  plates  and 
increasing  order  of  anharmonic  overtones). 

Finally,  the  minimum  absolute  values  of  the  slopes  of  the  segments  1,1 
are  much  larger  than  those  of  3-j  1  .  For  large  a/b  ,  the  ratio  of  those 
slopes  is  approximated  by  the  ratio  of  the  curvatures  of  branches  3,  and  1  , 
at  z  =  0  in  Fig.  1.  The  exact  values  of  those  curvatures,  in  the  three- 
dimensional  theory,  were  given  by  Ekstein  [7,  Eq.  56]: 


18 


<  1  Cd2n/dz2]  =  k  +Ccot(mi/2  c|)  +  D  cot(mr/2  c^)  , 

z=0 

where 

k  *  (c^  +  A  +  B)  ,  n  *  1 ,3,5..., 

A  =  [(l+c12)cos  0  +  (£14  +  =56)sin  e32/(1'c2)  • 

B  =  [{c]4  +  c5g)cos 6  -  (1+c12)sin  0]2/(1-c3)  , 

C  =  4[(c2  +  c12)cos  0  +  (c2cs6  +  c14)]2/n2ir  c|(l-c2)2  , 

D  =  4[(c3  +  c12)sin  0  -  (c3c5g  +  c14)]2/n2ir  c|(l-c3)2  , 

c2,c3  =  {c22  +  c44  [(c22  -  c44)  +  Ac24P}/2  , 

tan  @  1  c24/(c2  -  c44)  . 


For  the  present  case,  the  curvature  ratio  k-j /k3  is  4.7  and  that  is  the 
ratio  of  the  slopes. 

The  large  ratio  of  slopes  and  the  absence,  at  large  a/b  ,  of  strong 
coupling  with  all  overtones  except  those  of  flexure  (which,  at  such  high  over¬ 
tones,  have  very  small  amplitudes)  are  important  contributors  to  the  high 
stability  of  third  harmonic  overtone  resonators. 
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Abstract 

Partially  contoured  crystal  resonators  using 
only  an  edge  hovel  are  frequently  used  for  high  f) 
AT-cut  devices  in  the  lower  frequency  ranges. 
Treatments  have  been  proposed  in  the  past  for  uni- 
‘omly  contoured  crystals  neglecting  electrode 
■lass  loading’,  but  a  convincing  theory  for  the  case 
■if  a  ‘lat  crystal  blank  with  only  an  edge  bevel  and 
a  non-negl iqible  plateback  has  proved  much  more 
difficult. 

yf\ 

"■his  paper  follows  previous  workers  in  re¬ 
ducing  the  problem  to  twn  dimensional  fom  by  a 
rigorous  deduction  o‘  the  dispersion  relations  for 
wavequided  modes  in  each  region,  accurate  to  sec¬ 
ond  order  in  the  transverse  wave  nunbers,  corre¬ 
sponding  to  a  normal  thickness  shear  mode  at  Cut¬ 
off.  The  procedure,  familiar  from  quantum  mec¬ 
hanics.  of  using  the  harmonic  oscillator  functions 
as  a  basis,  and  deducing  the  eigensol utions  in 
terms  of  this  basis  by  a  perturbation  approach  has 
been  adopted,  'bis  method  takes  care  of  boundary 
matching  problems  automat ica1 ly ,  but  it  does  re- 
quir-  the  evaljation  of  a  number  of  numerical  in¬ 
tegrations  over  the  basis  functions;  this  is  how¬ 
ever  very  easily  accomplished  by  modern 
C omp uters . 

key  words  :  Contoured  crystal  resonator. 

Aeon stTc  'wavegu i de . 

1  Introduction 

cor  mqb  i  crystals  witn  frequencies  of  a  f°w 
MH/,  tup  ise  of  a  spherial  e  ii|e  level  ;i  confine 
»  be  engn  jy  o.a ,  ’  mq  been  popular.  However  lespite 
wor.  on  ►he  prut  I  ems  of  t.i'l/  SoMfO'irel  crystals!'’ 
an  1  crystal;  w’th  a  partial  cylindrical  contour  7, 
i  st  p-siqn  lit  i  (  i  r  :  ■>,.  qnneri'  asr  of  a  partial 
pher  1  a  1  inti  ,r  ‘la,  '.‘ip..  ■•'itlrely  empirical, 

A*  b','  s1  pit  • 'i,.  obv  ,  i  t  srmi  lab  1  e 
on.-,  a  rea' ISM'  finite  e !  ,-'ien*  ana' /sis  of  sich  a 
1  nri-  ■  >  1'  i-n-.i  jna!  ,tr  j'  t  j r ..  ,yi  ,l  1  me  in  enormous 

•'em  ...,rrl  war  dorp  in  sunrnrt  o(  ca1fcr d  Electr’ca 


undertaking,  and  tbe  complexities  of  the  geometry 
make  a  semi -analytic  approach  scarcely  more  attrac¬ 
tive.  Tiersten  and  Smythe!>^  used  an  equation  for 
a  uniform  bevel,  whose  solutions  nay  be  expressed 
in  terms  of  Hemite  polynomials,  if  the  condition 
that  they  vanish  at  +<*  is  imposed.  In  genera!  this 
equation  nay  be  solved  with  parabolic  cylinder 
functions,  and  these  were  used  by  Vangheluwe"5  for 
the  case  of  the  partial  cylindrical  contour.  This 
general  approach  of  seeking  a  solution  in  each  re¬ 
gion,  and  constructing  the  function  by  matching 
across  the  boundaries,  is  still  feasible  for  the 
two  dimensional  case  of  a  spherical  bevel  if  tne 
material  is  isotropic  in  the  plane.  'Jsing  circular 
polar  coordinates  the  nodes  for  a  uniform  bevel  are 
express’hle  in  terns  of  associated  Laquerre  poly¬ 
nomials,  and  in  the  general  case  solutions  may  be 
constructed  with  Bessel  functions  in  the  flat  re¬ 
gion,  and  with  confluent  hypergeormetric  (or  alter¬ 
natively  Whittaker  functions)4  in  the  bevel  region. 
However  when  anistropy  is  introduced  the  problem 
becomes  vastly  more  complex  and  there  does  not 
appear  to  be  any  reasonable  way  of  solving  the 
equations  directly  in  terms  of  known  functions.  Tor 
this  reason  a  somewhat  different  approach  is  adopt¬ 
ed,  which  requires  more  numerical  analysis  but  com¬ 
pletely  resolves  the  above  difficulties  with  the 
analytic  approach. 

Following  previous  workers  it  is  assumed  that 
the  solution  may  be  constructed  using  a  single  fam¬ 
ily  of  waveguided  plate  modes,  for  AT-cut  quarts 
this  would  be  the  thickness  shear-thickness  twist 
family  hich  corresponds  to  a  pure  shear  wave  at 
cuM-if- .  Analysing  the  properties  and  dispersion 
reiit1  ■’ n  for  the  particular  set  of  waveguide 
modes,  for  .mt.h  an  infinite  fully  electroded  an  1  an 
infinite  une'ec  -  ted  plate,  provides  approximate 
equations  for  the  behaviour  of  thp  resonatir  node 
in  each  of  the  different  regions,  and  is  the  start- 
io.i  point  for  the  method  presented  here.  However, 
the  basic  plate  mode  analysis  for  this  paper  is  m' 
performed  by  approximate  analytic  mt'hods,  hut.  uses 

1  Instruments  Ltd  'imps  Mi 1 1  Hevwood  Fnoland 
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a  ful ly  general  computer  programme  which  can  ana¬ 
lyse  witn  equal  ease,  any  family  of  modes,  in  any 
piezoelectric  material,  with  any  metal  overlay. 
Having  deduced  the  basic  parameters  of  the  system, 
the  eigenvalue  problem  involving  differential  op¬ 
erators  is  replaced  by  an  equivalent  algebraic 
eigenvalue  problem  using  an  expansion  in  terms  of 
the  complete  set  of  basis  functions  provided  by  the 
uniform  bevel  equation.  This  procedure  involves 
the  evaluation  of  a  certain  set  of  two  dimensional 
:ntegrals,  but  the  special  properties  of  the  basis 
functions  make  this  comparatively  easy.  In  add¬ 
ition  variations  in  resonator  geometry  may  be 
accommodated  by  this  technique  at  no  additional  ex¬ 
pense.  To  solve  the  eigenvalue  problem  the  set  of 
basis  functions  used  is  truncated  at  finite  order, 
but  for  low  order  modes  this  produces  a  negligible 
error,  and  the  solutions  thus  found  are  necessarily 
continuous  across  all  boundaries  no  matter  how  com¬ 
plicated  the  geometry. 

To  summarize,  the  basic  assumptions  of  the 
theory  are: 

(a)  The  solution  nay  be  constructed  from  just  one 
family  of  waveguided  modes. 

(b)  The  equations  of  motion  in  each  region  may  be 
deduced  fron  an  analysis  of  the  correspondi ng  in¬ 
finite  plate  geometry,  and  the  final  solution  may 
be  constructed  by  matching  the  functions  and  their 
first  derivatives  across  all  boundaries. 

(c)  The  bevel  is  asstned  to  confine  the  energy 
sufficiently  that  the  finite  crystal  size  may  be 
i gnored. 

(d)  The  equation  for  the  bevel  region  may  be  de¬ 
duced  on  the  basis  that  the  variation  in  thickness 
is  'slow'  . 

Within  the  constraints  of  these  assumptions  no 
significant  error  is  produced  in  constructing  the 
solution,  and  a  wide  range  of  geometrical  vari¬ 
ations  may  be  accommodated  without  difficulty. 

?  general  plate  mode  analysis 


dependence  with  respect  to  x  and  y  coordinates.  So 
choosing  fixed  but  arbitrary  values  for  kj ,  kg  and 
u  the  equations  of  motion  in  each  region  nay  fie 
used  to  deduce  the  z  dependence  o'  each  partial 
wave .  For  example  if  we  assume  a  dependence 

exp  [i'kjx  +  kgy  +  k3z  -  wt)]  (2) 

for  the  three  displacement  components  u, ,  and  the 
potential  «,  in  the  piezoelectric,  then  the 
equations  of  motion  become 

ci  jkl  ukkl  kj  +  ekijtkkki  =  Auj 

_ei kl  ukkl ^i  +  cik^kh  *  0 

As  kj.kj  and  j  are  fixed  a  solution  of  this  set  of 
homogeneous  equations  will  provide  eight  possible 
values  for  kg  (in  general  complex),  corresponding 
to  the  eight  partial  waves  in  the  piezoelectric. 

In  each  of  the  metal  layers  a  simpler  set  of  equa¬ 
tions  apply  and  there  will  be  six  possible  roots. 

Tor  these  partial  waves  to  form  a  solution  certain 
boundary  conditions  must  be  satisfied;  the  normal 
stress  components  must  vanish  at  the  outer  bound¬ 
aries,  and  displacement  and  normal  stress  compon¬ 
ents  must  be  continuous  across  the  inner  bound¬ 
aries.  In  addition  we  impose  the  electrical  con¬ 
dition  tnat  both  metal  layers  are  at  zero  potential 
as  it  will  suffice  to  deduce  the  short  circuit 
frequencies  of  the  final  resonator.  The  boundary 
conditions  therefore  give  a  2h  x  20  homogeneous  set 
of  equations  for  the  partial  wave  amplitudes,  and 
the  condition  for  a  solution  is  given  by  the  van¬ 
ishing  of  the  20  x  20  determinant  of  coefficients. 

It  is  most  unlikely  that  the  initial  choice  of  kg, kg 
and  ...  will  furnish  a  solution,  and  so  keeping  kj 
and  kg  fixed  .  is  varied  in  a  computer  search  rou¬ 
tine  until  a  zero  value  of  the  determinant  is 
located.  Ay  repeating  this  procedure  for  a  range 
of  values  of  kj  and  kg  it  is  possible  to  map  out 
the  dispersion  relationship,  and  of  course  all 
possible  information  about  the  mode  amplitudes  is 
read! ly  ava liable. 


The  method  for  analysing  plate  modes  is  fa.-ly 
well  known,  especially  in  connection  with  the  study 
of  surface  acoustic  wave  devices,  hut  in  view  of 
its  fundamental  importance  a  brief  description  is 
given  hero. 


For  small  values  of  kj  and  kg,  and  a  suitable 
choice  of  <  and  y  axes,  the  dispersion  relation  may 
be  written  as 


2  2 
ak;  +  Ok  g 


(.2 


2 

•fl) 


(4) 


The  most  general  structure  which  we  must  con¬ 
sider  consists  of  an  arbitrary  piezoelectric  layer 
wifi  arbitrary  metal  layers  on  either  side  (Fig  1). 
The  complete  solution  will  be  formed  by  a  super¬ 
position  of  partial  waves,  which,  loosely  speaking, 
will  consist  of  three  acoustic  waves,  one  longitud¬ 
inal  and  two  shear,  propagating  unwarls,  and  three 
similar  waves  propagating  downwards,  in  each  layer. 
In  addition  there  will  be  two  partial  waves  in  tbe 
piezoelectric  layer  to  account  for  the  predomi¬ 
nantly  electrostatic  disturbances.  Therefore  if  a 
coordinate  system  is  established  with  Z  axis  normal 
to  the  plate,  then  t.o  satisfy  boundary  conditions 
we  nuy  assume  that  all  twenty  partial  waves  have  a 
r  umi'too 

A  -  exp'i(kjx  t-  kgy  -  ,t)  ]  (1) 


ror  the  purpose  of  this  work  the  'a'  and  ' b ' 
coefficients  have  been  deduced  by  computing  the 
mode  frequencies  for  a  suitable  range  of  small 
values  of  <j  and  ku,  and  then  performing  a  least 
squares  fit  of  Fq  ?AT. 

For  the  f->e  piezoelectric  plate  the  problem 
is  exactly  similar  but  is  much  less  complicated  as 
only  eight  partial  waves  are  involved. 

2  The  general  formulation 

Having  established  the  parameters  of  the  waveguide 
modes  it  is  possible  to  write  down  the  approximate 
e  piations  in  each  region  for  the  structure  shown  in 
Figure  2.  If  the  dispersion  relation  in  the  elec- 
troded  region  is  qivao  by 
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ajkj  +  bjk2  =  (,.■?  -  ojj)  (S) 

and  we  suppose  that  this  relation  is  also  valid  be¬ 
low  cut-off,  then  we  nay  use  the  equivalent 
differential  equation  for  the  mode  amplitude 
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_£a  -  -01 A  -  - 


In  the  flat  unelectroded  region 

?  (7) 

a2  i 2  A  +  b2  n  2A  -  lo2A  =  to'-A 
'x2  by2 

and  in  the  bevel  region 

a2  a2A  +  b2  a2A  -  (a  +  P(x2  +  y2))A  =  -  u>2A  (A) 
ax?  by2 

?  2 

where  i  =  u2(  1  -  r2/ Rh)  and  R  =  ui2/Rh  where  R  is 
the  bevel  radius.  Eq  (8)  has  been  deduced  by 
assuming  that  the  rate  of  variation  of  thickness  is 
'slow'  compared  to  the  characteristic  rate  of  vari¬ 
ation  of  the  mode  amplitude,  and  choosing  a  and  r 
to  ensure  continuity  between  Eqs  (7)  and  (8)  ,  and 
to  match  the  first  order  variation  of  frequency 
with  thickness  at  the  bevel  edge.  It  must  be 
realized  however  that  it  is  very  difficult  to  give 
a  precise  criterion  for  the  validity  of  such  an 
a ssunption. 

If  we  now  seek  separable  solutions  of  Eq  (8) 
in  the  form 


A(x,y)  =  Xlx)  Y(y) 
then  the  equations  become 

,  V 

a2  y*X  -  X  =  -  \X  (9) 

'x2  TW 

2  2 

b2  '2Y  -  “2y  Y  =  -  uY  (10) 

7^  ~vr 

where  a  +  \  =  7  -  w2  ( 1  -  r2/ Rh )  (11) 

If  the  condition  that  X*o  as  x-*-t<=  is  imposed 
then  solutions  can  exist  only  for  certain  values  of 

\ 

_ix-2 

X  *e  Hn  (x') 


/  2  \ 

1  J 

where  x' 

x  and  \  / Rh  \  = 

2  m  +  1 

\^fia2  / 

J2\  a2 / 

(m  integral) 

and  similarly  for  y 
-  i  y ' ? 

y  -e  «n(y') 


where  y"  = 1  ^  y  ,.  =  (2n+l)  ,2  /  2  \  (11) 

,71HK2  /  \  T5K  ) 

The  Hernite  polynomials  may  be  defined  by 

H0(x>  =  1  ,  8] ( x )  =  2x  !14) 

and  the  recurrence  relation 

Hn+1  =  2xHn(x)  -  2nHn_i(x )  'IS) 

in  addition  repeated  use  of  the  recurrence  relation 
is  the  ideal  computer  method  for  evaluation  of 
these  functions.  Although  these  functions  are  of 
course  not  solutions  of  our  present  problen  they  do 
have  a  number  of  extremely  useful  properties.  The 
differential  equations  (9)  and  (ID)  are  self- 
adjoint  and  with  the  chosen  boundary  conditions 
satisfy  the  requi renents  of  Stum-Li onvi  1 1  e  theory, 
their  solutions  therefore  form  a  complete  ortho¬ 
normal  set.  Specifically  if  we  define 

in(x')  »  (2nn!/x)"’Hn(x')e  ,  then  an  arbitrary 

function  A(x',y')  defined  over  the  whole  x'-y' 
plane  nay  he  written® 


A(x  ,y  )  =  2  ^  cnn^n(x  l  n(y  ) 

m=o  n=o 

where  (lft) 

CP  PD 

cnn  =  !  !  A(x”  ,y')dw(x')  Wv(y')dx'dy' 

•  as  -on 

This  is  analogous  to  a  Fourier  series  expan¬ 
sion,  and  we  will  transform  the  problem,  so  that 
instead  of  solving  for  A(x,y)  directly,  we  deduce 
its  components,  Cnn ,  in  terns  of  tbe  chosen  set  of 
basis  functions.  To  illustrate  the  method  of 
transformation  we  will  introduce  a  more  compact  ro¬ 
tation  (originally  due  to  Dirac)®,  sm(x' ) :n(y" )  '?> 
where  each  value  of  index  p  corresponds  to  a  spec¬ 
ific  pair  of  indices  n  and  n.  We  will  also  define 

H  =  -  a2  -  b2  +  (»  *  0  (x2  +  y2))  (I  ’) 

XX2  'y2 

for  all  x  and  y 

V  =  V]  +  V2  where 

.u2  ;i8' 

Vi  =  W2  -  1  -  h(x2  +  y2)  =  2  (r2  -  (x2  +  y2)’. 

2  Rh 

in  the  flat  region,  V;  =  0  elsewhere 

^2  -  (a^-aj)  ^  +  •  ^ 

xx'2  xy2  2  ' 

in  tbe  electroded  region,  V?  =  1  elsewhere. 

The  fundamental  equation  for  the  problem  nav 
now  be  written  symbolically  as 
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1 


(H  +  V) A>  =  »2]  Ac. 

and  the  set  of  basis  functions  are  defined  by 
? 

H|p>  =  jpIP> 


(20) 

(21) 


'Js i ng  the  expression  (14),  |  A>  =  rcp!p>,  and  sub¬ 
stituting  into  (10)  we  obtain:  P 


rcp(H  +  V)]p>  *  w2fcplp> 
p  o 


.rcp(J  +  v)ip> 

p  p 


ui2  rcpip> 
o 


(22) 


and  so  using  the  orthogonal i ty  relationship 

<qlp>  =  5qp 

2(.v2fpq  *  <q|V|p>)cp  =  j2cq  (21) 


where  <q|Vlp>  is  a  symbolic  way  of  denoting  the 
double  integral 

<q!V|p>  -  ,r/ Pm'  ( *'  )  4.n'  (^'  ) -V .  c^(x'  ).in(y'  )djx'dy' 

with  q  s  m',n',  p  -  m,n  (24) 

Equation  (23)  is  a  matrix  (infinite)  problem 
exactly  equivalent  to  the  original  formulation  in 
terms  of  differential  equations.  The  procedure  is 
to  truncate  the  matrix  at  a  finite  order  and  solve 
the  eigenvalue  problem  for  and  cp  using  a  stan¬ 
dard  computer  routine.  It  is  intuitively  reason¬ 
able  that  for  the  low  order  modes  which  have  a 
small  dependence  on  the  higher  order  basis 
functions  the  error  in  this  method  will  be  small;  a 
more  precise  statement  will  be  given  in  the  next 
section. 

The  obvious  disadvantage  of  this  technique  is 
the  need  to  evaluate  the  double  integrals  of 
Eq  (24),  but  due  to  the  special  properties  of  the 
functions  yn(x')  this  is  not  as  much  of  a  problem 
as  might  first  appear.  The  indefinite  integral 
over  one  of  the  coordinates,  x'  say,  may  be  de¬ 
duced  by  simple  analytic  means,  for  example 

a  2 

Hn(* ' ) Hm(x' )e-x’  dx'  = 

-a 


-  2e*a^  >Hn{a)Hll.1(»)-nHn.1(a)H,(a)]  (2b) 

Tm-n7 


n<n 

tne  case  n  -  n  is  a  hit  more  complicated  hut  an 
explicit  formula  can  be  constructed  by  successive 
integration  by  parts. 

Integrals  of  the  form 
2 

'Mm( <'  )  Hn(x '  )x  '  2e_x ”  dx'  and 


d2  ( Hn( < ' )e 

77;? 


x 


2 

)dx 


are  readily  reduce)  to  integrals  of  toe  type  given 
in  Eq  (23).  With  this  method  the  evaluation  of  Eq 
(22)  reduces  to  a  finite  integral  of  a  continuous 
function  of  y' ,  which  is  very  easily  evaluated  by  a 
Standari  numerical  quadrat  ire  routine. 

Having  accepted  the  need  to  evaluate  a  number 
of  integrals,  a  great  many  difficulties  are  re¬ 
solved,  the  boundary  matching  problems  which  were 
so  troublesome  originally  are  now  taken  care  of 
automatical ly ,  and  variations  of  the  basic  reso¬ 
nator  geometry  presented  here  nay  be  introduced 
with  no  fundamental  increase  in  complexity. 

4  The  nature  of  the  apprpximat i on 

The  proposed  method  takes  the  exact  Eq  (23) 
and  truncates  the  system  at  a  finite  order,  N  say, 
and  then  by  solving  for  the  eigenvalues  and  eigen¬ 
vectors  of  the  resulting  matrix  provides  approxi¬ 
mations  for  N  resonator  modes.  It  is  important  to 
have  some  indication  of  the  nature  of  this  approxi¬ 
mation,  and  some  way  of  gauging  the  probable  error. 
First  we  must  note  that  the  matrix  of  coefficients 
<q|V!P>  is  not  necessarily  Hermitian  (or  symmetric 
in  this  case  as  all  functions  are  real),  due  to  the 
presence  of  terms  in  x2/xX2  and  >2/ly2  in  Vj.  How¬ 
ever  calculation  shows  that  a^  and  aj,  and  b2  and 
bj ,  are  virtually  identical,  so  we  may  neglect  the 
asymmetric  terms  with  negligible  error,  and  it  is 
assumed  that  this  is  done  for  the  purposes  of  this 
paper. 

A  variational  method  is  often  used  to  approxi¬ 
mate  resonator  modes.  This  consists  of  taking  a 
trial  function  containing  a  number  of  adjustable 
parameters,  and  attempting  to  determine  these  para¬ 
meters  by  minimising  an  expression  which  is  know  to 
have  a  minimum  for  the  true  solution. 

For  this  problem  the  formula 

<A[  Hv-VI  A>  (26) 

<A|  A-> 

(26)  will  be  minimized  when  | A>  is  the  lowest  fre¬ 
quency  node.  If  we  construct  the  trial  function  by 
a  finite  superposition  of  the  basis  functions  !p>, 
and  minimize  Eg  (26)  by  varying  the  coefficients, 
then  it  is  easily  shown  that  the  resulting  approxi¬ 
mation  is  exactly  the  same  as  that  obtained  from 
the  smallest  eigenvalue  of  Eq  (23)  with  the  same 
finite  set  of  basis  functions.  A  general i zat i on  of 
this  result  may  be  stated  by  the  following  theorem: 

Theorem 


The  true  oi genfrequency  of  any  mode  is  a  lower 
hound  on  any  approximat ion  to  that  frequency  which 
may  he  obtained  usinj  a  truncated  form  of  r  i  1’  1) . 

A  proof  of  this  result,  which  is  not  trivial, 
would  he  beyond  the  scope  of  this  paler.  The 
theorem  tells  us  that  if  we  enlarge  the  set  of  ba¬ 
sis  functions  used,  the  frequency  estimates  we 
obtain  will  be  lower,  hut  still  larger  than  the 
true  values.  So  in  practical  terns  >f  isinu  more 
hasis  functions  produces  a  neqlijible  reduction  -n 
estimated  frequency,  then  the  error  is  almost 
certainly  minimal,  and  this  criterion  is  used  f.  i 
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assess  accuracy.  The  method  can  theref  ore 
he  rogarled  as  a  type  of  variational  approach 
which  provides  a  simul t menus  estimate  of  N 
mutually  orthogonal  modes. 

If  the  matrix  is  not  Hernitian  (symmetric) 
then  the  theorem  could  be  violated,  and  in  genera! 
it  is  difficult  to  make  a  precise  statement. 

Practical  rasult_s  and  comparison  wifi  experiment 

Initially  this  method  has  been  used  for  vari- 
ours  crystal  designs  on  AT-cut  quartz.  hue  to  the 
symmetrical  form  of  the  geometry  with  respect  to 
the  x  and  y  axes,  the  modes  naturally  divide  into 
four  classes,  even  in  x  and  y,  odd  in  x  or  y,  and 
odd  in  both  x  and  y.  For  modes  symmetric  in  x  and 
y,  which  give  the  largest  amplitude  •■esponses,  only 
basis  functions  which  are  also  symmetric  in  x  and  y 
need  he  considered,  and  a  similar  rule  holds  for 
the  other  sets  of  nodes.  For  all  the  following 
calculations  a  set  of  36  basis  functions  has  been 
used . 


dnfortunately  detailed  experimental  data  for 
the  more  sensitive  parameters,  such  as  the  relative 
frequencies  of  the  modes  as  functions  of  bevel  and 
flat  radii,  is  not  yet  readily  available.  For  this 
reason  all  old  and  not  entirety  reliable  data  has 
been  employed7.  Two  designs  with  the  following 
parameters  have  been  analysed. 

1  Frequency 

Radius  of  edge  bevel  on  each  side 
Radius  of  flat 
Radius  of  electrode 
Plateback  (nominal) 


7.3  MHz 
136  mn 
2-3.6  nn 
1.6  mn 
60  kHz 


2  Frequency 

Radius  of  edge  bevel  on  each  side 
Radius  »f  flat 
Radius  of  electrode 
Plateback  (nominal) 


4.3  MHz 
7?  mm 
3-4.6  mm 
2.6  mn 
50  kHz 


For  the  first  of  these  designs  the  waveguide 
analysis  programme  gave  parameters 


aj  =  0.406  x  10s* 

bg  =  1.260  x  iaR 

a?  =  0.407  x  10* 

bp  =  0.276  x  10ft 

and  for  the  second 

a,  =  0.404  x  10R 

bj  =  0.260  x  inR 

with  av  and  b?  being  unaltered.  Figures  3-7  show 
graphics  representations  of  the  first  three  sym¬ 
metric  and  first  two  antisymmetric  modes  for  design 
!  with  a  1.6  -n  radi  is  flat;  the  mode  amplitude  is 
plotted  as  a  function  of  the  transverse  coordinates 
t  being  the  crystal  I ographic  axis.  The  dotted 
circle  represents  the  boundary  of  the  bevel,  and  it 
an  be  clparly  seen  that  for  higher  order  modes  a 
considerable  amount  if  energy  is  contained  in  the 
bevel  region.  Figures  Rani  h  show  plots  of  the 
theoretical  'atio  of  spurious  nido  to  fundamental 
m ide  frequency  for  each  of  the  two  designs,  with  a 


range  of  values  of  flat  radius.  The  LU'ee  curves 
on  each  graph  represent  the  first  three  ‘ally  sym¬ 
metric  spurious  modes,  and  the  experiment  a  1  val  ues 
are  also  shown.  This  is  a  very  sensitive  test  of 
the  theory,  and  it  is  seen  that  although  there  is 
qualitative  agreement,  there  is  still  a  consider¬ 
able  discrepancy  in  absolute  values.  The  para¬ 
meters  in  Eg  (A),  describing  the  contoured  reyion, 
are  not  based  on  any  very  fin  theoretical  found¬ 
ation,  particularly  for  a  snarp  bevel.  Agreement 
with  experiment  can  be  considerably  improved  by  a 
more  empirical  choice,  hut  until  more  and  better 
data  is  available  no  firm  rule  can  be  given. 

'Jsing  the  methods  already  described  in  this 
paper  values  for  the  motional  parameters,  such  as 
the  inductance,  can  also  be  deduced.  The  waveguide 
analysis  programmes  can  evaluate  the  charge  den¬ 
sity  induced  on  the  electrodes  by  each  Fourier  com¬ 
ponent  of  the  mode  amplitude.  For  the  set  of  basis 
functions  chosen,  Fourier  transform  techniques  are 
trivial,  and  the  charge  density  may  therefore  be 
expressed  as  a  function  in  K Y  space,  and  integrate', 
over  the  electrode  area  by  a  combination  of 
analytic  and  numerical  techniques  as  before.  Tm$ 
information  combined  with  the  total  mode  energy  ’s 
Sufficient  to  determine  the  motional  inductance. 

5  Conclusions 

This  paper  describes  a  technique  for  tne  an¬ 
alysis  of  general  contoured  crystal  resonators  on 
any  material.  It  nas  a  high  degree  of  flexibility, 
for  instance  the  case  of  a  contoured  crystal  with  a 
different  edge  bevel  can  he  easily  accommodated , 
and  within  the  basic  assumptions  of  the  model  it  is 
quite  rigorous.  The  method  is  characteri zed  by  a 
higher  degree  of  reliance  on  numerical  techniques 
than  has  been  usual  in  the  past  with  semi -analyt i c 
treatments,  hut  it  is  still  a  relatively  trivial 
problem  for  modern  computers.  Comparison  with  ex¬ 
perimental  results,  such  as  they  are,  indicates  that 
some  modification  to  the  parameters  of  the  theory 
is  required,  hut  it  has  not  yet  been  possible  to 
draw  firm  conclusions  on  this  point. 
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EFFECT  OF  TRANSVERSE  FORCE  ON  THE  THICKNESS -SHEAR  RESONANCE 
FREQUENCIES  IN  RECTANGULAR,  DOUBLY -ROTATED  CRYSTAL  PLATES 


P.C.Y.  Lee  and  J.S.  Lam 
Department  of  Civil  Engineering 
Princeton  University 
Princeton,  N.J.  08544 


Summary 

The  effect  of  initial  stresses,  owing  to  the 
transverse  loading,  on  the  changes  in  the  thick¬ 
ness-shear  resonance  frequencies  in  rectangular, 
doubly-rotated  crystal  plates  has  been  studied. 

The  plate  is  clamped  along  one  of  its  edges  ana 
is  subject  tc*  a  transverse  load  uniformly  distri¬ 
buted  along  the  opposite,  parallel  edge.  The 
remaining  pair  of  edges  are  free  of  traction. 

A  system  of  one- Jinons iona 1  equations  is 
derived  from  Mind Tin's  two-dimensional  first- 
order  equations  for  crystal  plates.  The  governing 
equations  for  the  first  six  displacement  compon¬ 
ents  symmetric  to  tin-  plane  of  t‘n  plate 

are  employed  to  obtain  tin*  approximate  tw.»- 
d  imens  iona  l  fields  oi  displacement  ,  -.train  and 
stress^  <These  initial  stress  and  displacement 
components  are  thus  dependent  on  *  .so  i  tilde 

of  the  load,  the  dimensions  and  or  ieiitat  ions  ot 
the  plate.  They  art1  computed  and  plotted  a  long 
the  Xj  and  x~  axes  of  bh-cut  plate  : .  >  r  various 
value.*;  of  azinuth  angle 

Bv  taking  the  initial  lield.  o:  stress  and 
displacement  at  the  center  ot  the  electrodes 
(also  the  center  of  the  plate)  as;  the  average 
values  and  by  negl*  cling  the  coupl  ing  of  the 
incremental  thickness-shear  mode  of  vibration 
with  other  nodes,  an  explicit  formula  is  obtained 
for  pr«  dieting  the  f orre-sens i t i v i tv  of  the  reson¬ 
ator.  Tin*  t  h  ic  kness-sho.ir  frequency  changes  arc 
predicted  for  both  AT  and  ST  cuts  ami  arc  compared 
with  previously  predicted  values  bv  Lee,  Wang  and 
Markenseoff  and  with  experimental  values 
Ming  ins.  Bar. us  and  Perry,  and  those  bv  Fletcher 
and  Douglas. 

Thickness- shear  Vi  hr  at  ion  under  in  i  t  ia  1  stresse_s 

Let  a  rectangular  plate,  which  has  a  length 
2a,  tail  kre  ;  s  Jh,  and  width  Jr,  be  re*  erred  to  t  lu¬ 
red  angular  •  •  >erd  inate  .v*>ten  and  it-,  middle 

plane  be  coin,  ihui:  with  the  x  x  plane  .is  showi. 
in  ;  i >;n r i  !.  Tin-  azimuth  angle  !  the  angle 

between  the  x  axis  <>•  the  plate  ami  the  axis 
.-•I  the  crystal.  i <r  instance,  in  a  rotated  Y-  ut 
plate,  w«*  "iiy  c !  |.  n  »se  the  dig.sial  axi*.  ot  quart/ 
a;  the  yj  axi,.  Deterred  to  the  .  -.-.ten,  the 
stress  ••')■;. i*  i.  in  oi  riotion  t  o^  t  lie  incremental 
th  ieWiess-  .  w-ar  vibration  is. 
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the  in.-ivr.ieolu  l  stress-strain  relations 
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when  i  =  2,4,6. 
i  =  1,3,5. 
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a^o  coupled  ty  the  ii*t^  remen  ■!  i  -,pl  acenent 
,  stress  r  and  -.train  '  ‘  in  all  t  hrei 

ions  t  1  )  —  (  1>.  In  older  to  Employ  these 
ions  to  predict  frequency  changes,  we  need  to 
initial  -.tresses,  strains  ami  displacements 
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lniti.il  >  t  r. 
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.'o  ,e--.ui:ie  initial  iield:.  o!  •,*,  iis;.  and  dis- 
■nt  ar»*  cove  run!  !>’.•  Mindlin’s  t wo-tj  imens iona  1 
•rd.-r  relation-'  tor  a'vstal  pLUi-s”  .is  given 
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It  is  fXtriTU'i  v  ililfi.  ult  to  solve  these 
I  t-'jiis  (i)-(h).  In  a  previous  paper  ,  an 
i”.iaU'  net  bod  was  developed  n>r  obtaining  tvo- 
solutions  iron.  ranch'. s  flexural  theory 
stal  plates,  and  the  result  was  shown  to  he 
to  *  ho:»«’  hv  other  analvtii  i”  and  miner  i  ca  1 


(n  the  next  set  t  i«»n,  in  a  similar  manner,  we 
ine,  to  tier  ive  a  s  vs  tern  of  one-dimensional 
•us  to  repl  it  e  nj  '  (  tj-bu  . 
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In  order  to  replace  approximately  the  two- 
ion. il  'pillions,  we  expand  displacement  ip  a 
.  t  r  i  .’.ono-iet  r  i  i  a  1  :nnt  t  ions  as  follows. 
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.'ho  one-dimensional  stress-displacement  relation 
can  he  obtained  bv  inserting  (73  into  (3)  and  tV 
in  turn,  into  (9). 

In  eqs.  (73,  we  choose  to  retain  the  fir-! 
displacement  eonpone:  ts  symmetric  with  respect  t 
the  x^x.^  plane  of  the  plate,  i,e. 
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T he  displacement  equations  of  motion  gover¬ 
ning  these  six  displacement  components  are 
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h>rm  ot  the.  So  Hit  ions 

For  static  problems,  wo  sot  the  accolor.it  ion 
terms  o*  displacements  in  Ml)  to  zero.  Bv  assu- 
rninc  displacements  in  exponential  form  e  X1  and 
ins.*rt  in. :  then  into  (11),  we  have  the  character¬ 
istic  equation  in  tin*  following  form 
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In  (13),  the  sixth  order  polynomials  in  uiri- 
spond  to  the  six  repeated  zero  roots  of  ■  in  (Id). 
The  amplitude  ratios  among  A  ,  B  !'  ...H 

can  he  obtained  by  substituting  ?1 i)  in?o  (11). 
Therefore  we  have  only  twelve  unknown  ampl itudes, 
sav  A  . 

P 

Boundary  < ond i t ions 

For  a  plate  clamped  at  x^=-a  and  subject  to  a 
uniform  load  (|  *  (force  per  unit  length)  at  x  *+.»  as 
shown  in  Fig.  1,  we  have  the  boundarv  conditions 
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the  six  non-zero  roots 
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hen  the  solution  ol  (11)  has 
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Fq.  (16)  lias  identical  form  <js  LhaL  given  in  kti.6. 
However,  in  the  present  paper,  the  initial  strains 
E*n  are  computed  from  the  two-dimensional  theory 
and  k  ranges  iron  1  to  6  for  doubly-rotated  cuts. 

The  changes  of  thickness-shear  resonance  fre¬ 
quencies  ‘f / f  are  computed  as  a  function  of  the 
azimuth  angle  .  for  both  AT  and  SC  cuts  of  quartz 
n  1  a  t  e . 


In  Fig.  8,  the  presently  predicted  values  of 
l/f  are  compared  with  our  previously  predicted 
values  .mu  with  t^he  experimental  values  by  Ming  ins, 
Bareus  and  Perry.  Figs.  9  and  10  give  the  com¬ 
parison  of  predictedg.’.f /fQ  with  measured  values  by 
Fletcher  and  Douglas  tor  AT  and  SC  cuts,  respect¬ 
ive  1  v . 


Vl6<;  •  k;cJ»™  . 


c  *  r  .'c, ,  ,  .  »  .  . 

pq  pq  I  1  pq  pq  11 

Eqr,.(l*«)  provide  the  twelve  conditions  for  solving 
the  twelve  unknown  amplitudes  A  . 

P 

Vari at  ions  of  T nitial  Stresses  and 
Displacements 

A  rectangular  SC-cut  quartz  plate  with  a/c* 

1  ♦  5 ,  ^hown  in  Fig.  L,  is  chosen  for  the  study. 

For  a  given  edge  shear  intensity  q',  the 
amplitudes  A  can  be  computed  from  (14)  and  dis¬ 
placement  components  from  (13).  Then  the  two- 
dimensional  displacements  and  stresses  can  be 
obtained  from  (10)  and  (16)  respectively,  with  „ 
regarded  as  a  parameter. 

For  the  visualization  of  their  two  dimensional 
variations  in  the  plate,  some  of  the  stress  and 
displacement  components  are  computed  and  plotted 
along  the  x.  and  x  axes  in  dimensionless  quantities 
and  for  various  values  of  as  shown  in  Figs. 2-7. 


Fo  r c  e  S  en  r.  1 1  lv  1  ty 

By  taking  the  initial  fields  of  stress  and 
displacement  at  the  center  of  the  plate  (also  the 
center  of  the  electrodes)  as  the  average  values 
an!  hv  ting  the  coupling  of  the  incremental 

th  1 .  kr.ess — *r.»*ar  mode  of  vibration  with  other  inodes, 
an  explicit  formula  is  obtained  from  (1) 


_  :i±2  (r  EU) 

r  ,  16k  k, l 

h6  * 

+  0  !•/  1  ^  ) 

56k  k, 3  1 


It  mav  be  seen  iron  Figs.  8-10  that  Eq.ll6» 
predicts  the  locations  of  zero  and  maximum  of 
f/f  as  a  function  of  .  quite  well  and  has  also 
identified  the  predominant  factors  contributing  to 
the  force  sensitivity  of  the  resonators. 

In  order  to  take  into  account  of  the  spatial 
variations  of  the  initial  stresses  and  the  coupling 
of  the  thickness-shear  with  other  modes,  like  ex¬ 
tension  and  flexure,  for  more  accurate  predictions, 
a  perturbation  method  should  be  employed  as  the 
next  step. 
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Fig.  1  A  rectangular  cantilever  plate  referred  to 
coordinate  system,  »'  referred  to  axes  of 
crystal  symmetry,  anJ  »  the  azimuth  angle. 
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Fig.  2 


Displacement  u^  along  the  x^  axis  of  a  rectangular  SC-cut  of 
quartz  plate  (r  =■  a/c  *  1.25). 
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Fig.  3 


Displacement  u 


along  the  x  axis  of  the  plate. 
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Abstract 

A  previous  treatment  of  SC-cut  quartz  trapped 
energy  resonators  is  extended  to  the  case  of  plates 
with  slowly  varying  thickness.  As  in  the  earlier 
treatment,  the  approximate  equations  are  referred 
to  rotated  coordinate  axes  obtained  from  the  eigen¬ 
vector  triad  of  the  pure  thickness  solution  for  the 
SC-cut.  Tlie  approximate  dispersion  equation 
describing  the  mode  shape  along  the  surface  of  the 
SC-cut,  which  was  used  in  the  recent  treatment  of 
the  trapped  energy  resonator,  is  extended  to  in¬ 
clude  the  influence  of  certain  relatively  large 
transformed  elastic  constants  that  were  neglected 
in  the  earlier  work.  The  extended  equation  is 
considerably  more  accurate  than  the  earlier  one. 

A  scalar  differential  equation  describing  the  mode 
shapes  along  the  surface  of  the  contoured  SC-cut 
for  the  family  associated  with  each  odd  harmonic 
is  obtained  from  the  extended  dispersion  equation 
for  the  flat  plate.  The  scalar  equation  is  applied 
in  the  analysis  of  contoured  SC-cut  quartz  crystal 
resonators,  and  an  approximate  lumped  parameter 
representation  of  the  admittance,  which  is  valid  in 
the  vicinity  of  a  resonance,  is  obtained.  The 
analysis  holds  for  the  fundamental  and  odd  harmonic 
and  anhamonic  overtone  thickners  modes  of  interest. 

1 .  Introduction 

Previous  analytical  work  on  contoured  crystal 
resonators  holds  only  for  rotated  Y-cuts  of  quartz'. 
In  recent  years  the  doubly-rotated  SC-cut  *3  has 
given  every  indication  of  possessing  significant 
technological  advantages' '  over  the  AT-cut.  On 
account  of  the  additional  anisotropy  of  the  SC-cut. 
the  existing  analytical  treatment  of  contoured 
resonators  does  not  hold. 

In  a  recent  analysis  of  SC-cut  quartz  trapped 
energy  resonators  with  rectangular  electrodes 
certain  transformed  elastic  constants  were  ne¬ 
glected,  which  are  not  that  small.  In  this  work 
the  earlier  treatment  is  extended  to  include  the 
influence  of  the  transformed  elastic  constants  that 
are  not  that  small  and  were  neglected  in  the 
earlier  work  .  As  in  the  earlier  treatment"'  the 
analysis  proceeds  by  decomposing  the  mechanical 
displacement  vector  along  the  orthogonal  eigen¬ 
vector  triad  of  the  pure  thickness  solution  and 
transforming  the  independent  spatial  variables  to 
a  Cartesian  coordinate  system  containing  the  plate 


normal  and  the  component  in  the  plane  of  the  plate 
of  the  large  thickness  eigen-displacement  of  inter¬ 
est.  Since  the  piezoelectric  coupling  is  small  in 
quartz  and  we  are  interested  in  obtaining  the  dis¬ 
persion  rclat ions  in  the  vicinity  of  the  thickness- 
frequencies  of  interest  for  small  wavenumbers  along 
the  plate, only  the  thickness-dependence  of  all 
electrical  variables  is  included  in  the  treatment. 
The  resulting  system  of  transformed  differential 
equations  and  boundary  conditions  on  the  major  sur¬ 
faces  of  the  plate  are  employed  in  the  determina¬ 
tion  of  the  asymptotic  dispersion  relation  in  the 
vicinity  of  each  thickness-frequency  of  interest 
using  a  generalization  of  a  procedure  used  in  the 
case  of  rotated  Y-cut  quartz" ’  .  The  corrected 
asymptotic  dispersion  relation  for  the  flat  plate 
is  considerably  more  accurate  than  the  earlier 
one’ .  The  dispersion  equation  enables  us  to  con¬ 
struct  the  differential  equation  that  describes 
the  mode  shape  along  the  surface  of  the  flat  plate. 
The  resulting  single  scalar  equation  may  readily 
bo  generalized'  to  be  applicable  to  the  description 
of  the  mode  shape  along  the  surface  of  the  con¬ 
toured  SC-cut  since  the  thickness  is  slowly  varying. 
Since  the  influence  of  the  contouring  on  the  trap¬ 
ping  is  much  greater  than  the  influence  of  the 
electrode'  ,  the  edge  of  the  electrode  .s  ignored  in 
the  determination  of  the  eigensolutions.  Since  the 
mode  is  sharply  confined  to  the  vicinity  of  the 
center  of  the  contoured  plate,  the  edge  of  the 
plate  is  ignored  in  the  analysis. 

An  inhomogeneous  differential  equation  is  ob¬ 
tained  for  each  harmonic  thickness  mode  of  interest 
for  the  case  of  a  driving  voltage  applied  across 
surface  electrodes.  The  differential  equation  ob¬ 
tained  depends  on  the  order  of  the  odd  harmonic. 

The  resulting  system  of  equations  is  applied  in  the 
analysis  of  the  forced  vibrations  of  a  plano-convex 
contoured  SC-cut  quartz  crystal  resonator  and  a 
lumped  parameter  representation  of  the  admittance 
is  obtained.  Some  numerical  results  are  presented. 


Transformat ion  of  Equations 


As  in  the  earlier  treatment  the  stress  equa¬ 
tions  of  motion  and  charge  equation  of  electro¬ 
statics  nay  l*'  written  m  the  form 


T  =  .  u  .  D  =  0  . 

mn.m  n  m.m 


(2.  1) 
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The  linear  piezoelectric  constitutive  equations  are 
given  by 


are  the  usual  piezoelectrically  stiffened  elastic 
constants. 


T  =c  u  +  e  >  ,  (2.2) 

mn  mnrs  r, s  rmn  , r 

0  -  e  u  -  c  c?  .  (2.3) 

m  mrs  r,  s  mn  ,  n 

The  nofat  i on.  is  conventional*  and  carets  have 
been  introduced  over  the  mechanical  variables  and 
the  elastic  and  piezoelectric  constants  because  we 
are  going  to  transform  from  the  Cartesian  coordi¬ 
nate  system  presently  being  employed  to  a  combina¬ 
tion  of  two  very  special  Cartesian  coordinate  sys¬ 
tems  that  facilitate  the  analysis.  Moreover,  in 
the  original  coordinate  system  we  consistently  use 
the  tensor  indices  m,  n,  r,  s.  The  substitution 
of  (2.2)  and  (2.3)  in  (2.1)  yields 

c  u  +  e  c  =  c  u  ,  (2.4) 

mnrs  r,  sm  rmn  ,  m  n 


For  thickness  vibrations  only  x- -dependence  is 
considered  and  (2.10)  takes  the  form 


”2 nr 2  r,22 


(2.12) 


In  the  case  of  the  unelec troded  plate  the  antisym¬ 
metric  thickness  vibration  solution  can  be  written 
in  the  form 


u  =  A  sin  ^x0e 
r  r  2 


lujt 


(2.13) 


which  satisfies  (2.12)  provided 


(c 


2  nr  2 


-  cf  )A  =  0  , 
nr  r 


where 


2/m2 
C  =  CCD  / 


(2.14) 


(2.15) 


e  u  -  =  0  ,  (2.5) 

mrs  r , sm  mn  , nm 

which  are  the  differential  equations  of  linear 
piezoelectricity. 

The  coordinate  axes  are  oriented  with  x2 
normal  to  the  major  surfaces  of  the  plate,  which 
are  at  x~  =ih,  and  xl  directed  along  the  axis  of 
second  rotation  of  the  doubly-rotated  quartz  plate. 
Since  m  the  modes  of  interest  the  spatial  rate  of 
variation  of  the  dependent  variables  in  the  plane 
of  the  plate  is  much  less  than  in  the  thickness 
direction  and  the  piezoelectric  coupling  is  small, 
wc  can  ignore  the  x„  dependence  of  ~  and  Dv  and  of 
any  variable  in  the  expression  for  D2 ,  and  in  place 
of  Eqs.(2.3)  and  (2.5),  respectively,  write 


For  a  nontrivial  solution  the  determinant  of  the 
coefficients  of  Ar  in  (2.14)  must  vanish,  i.e.. 


2  -  c  5 

2 nr 2  nr 


(2.16) 


which  yields  a  cubic  equation  in  c.  Since  the 

c£kP2  constitute  a  symmetric,  positive-definite 
matrix11,  Eq.(2.16)  yields  three  real,  positive 
roots12  c(  1  '  (i  =  1,2,3)  which  yield  mutually  orth¬ 
ogonal  eigenvectors  A(, 1  when  substituted  in  (2.14), 
and  we  may  write 


A(i)A(3W.,5.., 
r  r  (l)  i]  ’ 


(2.1?) 


where  the  N.  , }  are  the  normalization  factors.  If  we 
normalize  the  1  '  thus 


D2  ' 


!2r2Ur,2  '  ~22: 


(2.6) 


,<i,=A(i> 


'(i)  ’ 


(2.16.) 


C2r2ur,22  '  e22",22  =  0  ,  (2.7) 

and  we  have  introduced  the  convention  that  the  sub¬ 
scripts  u,  v,  w  take  the  values  1  and  3,  but  skip  2. 
Moreover,  it  is  advantageous  for  us  to  write  (2.2) 
and  (2.4),  respectively,  in  the  forms 


and  write  the  qP  1  )  as  a  3x3  orthogonal  transforma¬ 
tion  matrix  . ,  from  (2.17)  we  have  the  orthogonal¬ 
ity  relations 


Q.  Q .  = 
ir  ]r 


R 

i  j  ’ 


(2.191 


and,  of  course,  the  other  orthogonality  relations 


T  =  c  u  +  e.  «  _  +  c  u  ,  (2.8) 

mn  mnr2  r,2  2mn  ,2  vrnm  r,v 


0  Q 
*ir  is 


(2.20) 


c ~u  +  e_0  c-  +  (c_  +  c-  )u  0 

2nr2  r,22  22n  ,22  2rnv  2nrv  r,2v 

+  c  u  -:u  ,  (2.9) 

vnrw  r,wv  n 

since  we  are  interested  in  modes  in  the  vicinity  of 
the  frequencies  of  thickness  vibration.  Substitut¬ 
ing  from  (2.7)  into  (2.9),  we  obtain 


hold. 


We  may  now  transform  the  components  of  the 
sector  uT  in  the  original  coordinate  system  to  the 
components  in  the  thickness  solution  eigenvcctc 
coordinate  system  and  vice-versa,  thus 


u  =  Q .  u 
r  ir 


(2.21) 


Z  „  0  4-  f  C  +C  )  U 

2nr2  r.22  2rnv  2nrv  r,2v 


c  u  =  u  , 
vnrw  r , wv  n 


where 


~2r.2r  2  nr  2 


22 


A  schematic  diagram  showing  the  original  coordinate 
system  along  with  the  eigenvector  coordinate 

(2.10)  system  is  shown  in  Fig.l.  For  a  pure  thickness 
solution  for  an  unelectroded  plate,  one  of  the 
thickness  eigen-displacements,  say  ut ,  exists  and 
the  other  two  vanish  identically.  Moreover,  for  a 

(2.11)  mode  of  vibration  in  the  vicinity  of  the  thickness 
solution  for  which  u;  exists,  although  a-  and  u.. 
exist  they  are  one  or  more  orders  of  magnitude 


smaller  than  ux .  This  ia  the  reason  there  Is  a 
significant  advantage  in  decomposing  the  mechanical 
displacement  along  the  eigenvector  triad  of  the  pure 
thickness  solution  when  describing  this  type  of 
mode. 


Clearly,  the  independent  variables  x„  must  be 
referred  to  a  Cartesian  coordinate  system  contain¬ 
ing  the  axis  x2,  which  is  normal  to  the  major  sur¬ 
faces  of  the  plate,  and  two  orthogonal  axes  in  the 
plane  of  the  plate.  Of  all  the  orthogonal  coordi¬ 
nate  systems  in  the  plane  of  the  plate,  one  is  par¬ 
ticularly  well  suited  for  the  description  of  modes 
of  vibration  in  the  vicinity  of  the  pure  thickness 
solution  ut ,  when,  as  is  the  case  in  this  work,  it 
is  dominantly  a  thickness-shear  displacement,  as 
shown  in  Fig.l.  That  coordinate  system  contains 
the  axis  formed  by  the  projection  of  the  Uj -eigen- 
displacement  direction  on  the  plane  of  the  plate  as 
shown  in  Fig. 2.  From  (2.21)3the  angle  3  is  given 

bY  -1 

6  =  tan  <-Q13/Cu)  .  (2.22) 


For  the  electroded  plate  with  shorted  elec¬ 
trodes  the  electrical  boundary  condition  is 


v  “  0  at  x^  “  *  h  .  (2.2*-) 

Substituting  from  (2,21)-into  (2.7),  integrating 
and  satisfying  (2.28),  we  obtain 


le22j/e22)Uj  +  CX2’  (2'29! 


where 

e. 


22j'3jre22r’  C  =  *  <e22j  '  e22 1  u  j  (h)/h  •  i3,301 


In  the  case  of  the  unelectroded  plate  because  of 
the  reasoning  leading  to  (2.6)  we  can  neglect  the 
electric  field  outside  the  plate1  and  the  elec¬ 
trical  boundary  condition  becomes 

D2  =  0  at  x2  =  ^ h  .  (2.31) 

Hence,  from  (2.31)  with  (2.6),  for  the  unelectroded 
plate,  we  obtain 


and  the  planar  rotation  matrix  R*v  is  given  by 


^  =  (e_0  ./e_. )u 
22 j  22  3 


(2.32) 


R 

av 


/ cos  9  -  sin  0\ 
Vsin  9  cos  9-  1 


(2.23) 


where  we  have  introduced  the  convention  that  the 
subscripts  a,  b,  c,  d  take  the  values  1  and  3  but 
skip  2.  Clearly,  the  planar  coordinates  xa  and  Xy 
are  related  by 


x  =  R  x 
a  av  v 


:  R  x  , 
av  a 


the  first  of  which  yields 


3/dx  =  R  VBx  . 
w  aw  a 


(2.24) 


(2.25) 


Transforming  (2.10)  with  Q, n ,  substituting  from 
(2.21)j.  for  and  ur  and  (2.25)  for  the  partial  de¬ 
rivatives  with  respect  to  k,  and  xv  and  employing 
(2.14)  with  (2.18)  and  (2.19),  we  obtain 


-<j) 


where 


u  .  ..+  (c  ■  n  +  c  .  .  )u . 
3,22  aij2  aji2  i,2a 

+  c  .  ..  u.  .  =  cu  , 
a^ib  i,ab  3 


c  .  =  Q  .  Q.  R  c 

aij2  jn  lr  av  vrn2 

c.=  R  Q  .  Q .  R_  c 
a 3 lb  av  ]n  lr  bw 


(2.26) 


(2.27) 


In  the  case  of  the  thickness  vibrations  of  the 
electroded  plate  with  shorted  electrodes  the  three 
solutions  of  the  differential  equations  are 
coupled1  J“':  in  the  transcendental  frequency  equa¬ 
tion.  However,  since  the  piezoelectric  coupling  is 
small  in  quartz  and  the  three  c(  ^  are  sufficiently 
widely  separated,  the  transcendental  frequency 
equation  approximately  uncouples  and  we  effectively 
have  three  independent  transcendental  frequency 
equations1  *  ,  one  for  each  thickness  eigen- 
displacement  u  .  Consequently,  (2.26)  is  a  useful 
form  for  the  treatment  of  modes  of  vibration  in  the 
vicinity  of  the  pure  thickness  solution  u.  for  the 
electroded  as  well  as  the  unelectroded  plate. 


which  is  the  same  as  (2.29)  but  with  C  =  0. 


The  traction  boundary  conditions  on  the  major 
surfaces  of  the  plate  employ  the  constitutive  equa¬ 
tions  in  (2.8)  with  m-2.  Transforming  (2.8)  for 
m=2  with  Q,  r ,  substituting  from  (2.2l)r,  (2.25), 
(2.29),  (2.30),  ^  and  (2.11)  and  employing  (2.14) 
with  (2.18)  and  (2.19)  and  (2.27),,  we  obtain 


T  =  c  (  3  1  u  . 

2j  3, 


,  ,C  +  c  .  ._u  . 
2j  ai]2  1 


(2.33) 


which  holds  for  the  electroded  plate  and  for  the 
unelectroded  plate  provided  C=0.  As  noted  in  the 
Introduction  the  traction  continuity  conditions 
along  the  surfaces  separating  the  electroded  from 
the  unelectroded  regions  and  at  the  free  edges  of 
the  plate  are  not  needed  in  this  work. 

3 .  Dispersion  Equations 

Although  in  this  work  we  are  primarily  inter¬ 
ested  in  the  dispersion  equation  in  the  electroded 
region  of  the  plate,  we  obtain  the  dispersion  equa¬ 
tion  for  the  unelectroded  region  because  the  treat¬ 
ment  is  somewhat  simpler  and  it  has  been  shown  that 
the  dispersion  equation  for  the  electroded  plate 
may  readily  be  inferred  from  that  for  the  unelcc- 
troded  plate.  The  differential  equations  expressed 
in  terms  of  the  thickness  eigcn-displacemcnts  in 
the  transformed  coordinate  system  arc  given  in 
(2.26).  The  boundary  conditions  on  the  ma^or  sur¬ 
faces  of  the  unelectroded  plate  are 

t  ,  =  0  at  x  =  -  h  ,  (3.1' 

23  2 


where  the  constitutive  equations  for  T  .  expressed 
in  th  same  way  are  given  in  (2.33  )  with  C =  0. 
Since  we  arc  interested  in  the  solution  for  plate 
waves  in  the  vicinity  of  the  thickness  frequencies 
for  the  thickness  eigen-displacement  u,  with  wave, 
or  decay,  numbers  in  the  plane  of  the  plate  that 
are  much  smaller  than  the  thickness  wavenumbers,  a 
large  number  of  terms  in  (2.26)  and  (2.33)  are 


39 


negligible, independent  of  the  values  of  the  associ¬ 
ated  transformed  elastic  coefficients11  .  In  addi¬ 
tion,  among  the  other  terms  a  nuiiber  of  the  trans¬ 
formed  elastic  constants  are  very  small  and  can  be 
neglected,  specifically  cA  ,  c17  ,  cfle ,  c^7 , 

Ce^  ,  chi,  c...  ,  Cj,  ,  Q  ., ,  c;  ,  o/r-  and  c7i.  As  a 
consequence  of  the  foregoing  the  differential 
equations  (2.26)  and  constitutive  equations  (2.33) 
with  C  -  0,  reduce  to  the  considerably  simpler  forms 

C11  Ul,ll  +  2C16U1, 12  +  (C12  +  C66)U2,12  +  C58U1,33 
+  (C36  +  C57>U3,23  +  °  Ul,22  =  pUl> 

c  u2(22  +  (°12  +  C66,U1)  12  “  pU2  ’ 
5<3’U3,22+  (C36  +  C57)U1,23-?U3'  (3‘2> 

hi  =  5<1,U1,2  +  C66U2,1  +  C16U1,1  +  C36U3,3> 

T22  =  C  u2,2  +  C12U1. 1  ' 


varying  with  Xj  ,  i.e.,  containing  5,  and  including 
the  complete  effect  of  the  Cj,-  terms  in  (3.2),  and 
(3.3),,  i.e.,  including  the  term  linear  in  \  in 
the  coefficients  of  A  and  B  in  the  resulting  alge¬ 
braic  equations  in  the  starting  form*  '  .  This 
starting  solution  for  the  u;  term  is  equivalent  to 
the  solution  for  thickness-twist  waves  in  rotated 
Y-cut  quartz  plates  obtained  by  Mindlin'  .  Thus, 
in  consideration  of  the  foregoing  and  following  the 
procedure  used  in  Refs. 8  and  8,  to  lowest  order  in 


v  for  large  A  and  B, 

we  obtain 

„±  n" 
1  =  2h 

±  i?c16/c(1) 

,  Bi”  , 

(3.5) 

c(1)  - 

• 

D(l) 

C±  " 

T  4-  ’ 

r“ 

±  ~  s.  ’ 

1 

1 

(3.6) 

e(D  mT 

ir3VAi1!  p 

a,  *Al) 

E± 

4.  4-  » 

‘1 

1 

T  =  c  u  +  c  u 
23  3,2  57  1.3  • 


We  must  now  obtain  asymptotic  solutions  to 

(3.2)  and  (3.1)  with  (3.3)  in  the  vicinity  of  odd 
u,  thickness  frequencies  for  small  wavenumbers 
along  the  plate.  Note  that  both  u,  and  Uj  and  Uj 
and  Uj  arc  coupled  directly  in  (3.2)  and  (3.3)  but 
that  U;  and  a,  are  not.  This  is  the  essential 
reason  that  we  are  ultimately  able  to  obtain  a 
relatively  simple  useful  description.  Since  solu¬ 
tions  decaying  in  both  directions  along  the  plate 
are  somewhat  simpler  than  those  exhibiting  trigono¬ 
metric  behavior  in  one  or  both  directions  and  the 
dispersion  equations  for  trigonometric  behavior  may 
readily  be  obtained8 • “  from  those  for  decaying  be¬ 
havior,  we  consider  the  decaying  solutions. 
Accordingly,  as  a  solution  of  (3.2)  consider 

-§x  -vx.  • 

»  (A  sin  ~x2  +  B  cos  "^le  e  e  ^  , 

'Sxl  -v*3  imt 

u2  =  (C  sin  +  D  cos  ^x2)e  e  e  , 

-£x  -vx  . 

u3=  (Esin"x2  +  Fcos^2)e  e  e  ^  ,  (3.4) 

which  satisfies  (3.2)  provided  a  system  of  six 
homogeneous  linear  algebraic  equations  in  A,  B,  C, 
D,  E  and  F  are  satisfied  and  which  are  too  lengthy 
to  present  here11  . 

In  earlier  work'  1  on  a  simpler  problem  of 
this  nature  the  asymptotic  dispersion  relation  was 
obtained  starting  with  the  pure  thickness  solution 
of  interest.  However,  in  the  situation  under  con¬ 
sideration  here  the  thickness  coupling  appearing  in 
(3.4)  is  caused  by  the  term  containing  clf,  in 

(3.2) ,,  which  vanishes  in  thr*  case  of  the  pure 
thickness  solution.  Since  in  this  instance  the 
thickness  terms  in  each  of  (3.4)  are  uncoupled,  the 
asymptotic  dispersion  relation  cannot  be  obtained 
starting  with  the  pure  thickness  solution  of  inter¬ 
est.  Nevertheless,  the  asymptotic  dispersion  rela¬ 
tion  mav  Lc  obtained  by  tar ting  with  a  solution 


C12*c66 

c(1,-c(2) 


2  *  K2  2h 


r3  _  (1)  _  (3 ) 

c  -  c 


r  _  (3 )  • 

c 


Similarly,  for  large  C  and  D  and  large  E  and  F, 
respectively,  we  obtain 


>(2) 

-tic'2’  a(2).- 

ir  e 

2  s  (2) 

± 

■  X  1C  ,  .A  *  X 

±  ’  X 

"  c 

2  “ 

l(2) 

V  (2)  (2) 

'± 

~  x  ’  E± 

»  F±  -  0  , 

.(3) 

-xiE(3)  A,3,=.± 

lr3V  r  (3) 

± 

-  X  1E±  ,  A±  «  ± 

3  £ 

'I3’ 

„  IiLe<3>  r<3> 

-  ±  ’ 

d'3)=o, 

in  which  the  amplitudes  that  have  been  shown  to 
vanish  are  of  order  higher  than  linear  in  5  or  v 
and,  hence,  turn  out  to  be  negligible  to  order 
and  v?  . 

In  order  to  satisfy  the  boundary  conditions  in 
(3.1)  with  (3.3),  we  take  a  sum  of  the  six  asymp¬ 
totic  solutions  of  the  differential  equations  in 
the  form 


u> ,  . 

+ 

;  A+  |sm 

1X2 

, (1)  ,  . 

_ 

•  A  (sin 

V2 

lr2^  (2) 

~  C- 

(sin 

40 


25  (2) 

7 —  C_  (sin  ’">2*2  ~  1  cos  ~2X2> 


lr3”  (3) 

+  — — E+  (sin  '3x2  +  i  cos ’3x1) 


ir  v 

3  (3 )  ^ 

“ —  (sin  ~,3x2  -  i  cos  ":3x2 


ir  ? 


-§Xn  ~vX 


.1  * "1 

'J  "  ' 


'•‘2  =  r-  -J"  AiX)  (sin  "lX2  +  1  COS  riX2) 
1 


RU)  =Ad)  c(2)  =_c<2> 

-  +  ’  + 
n+1 

_  1('1>  ~lr2C  +C12>  A (1 ) 
c(2)-2  sin  ~2k  + 

n+1 

E‘3>  =  -E<3>  .  V,r3C~(3>  +  C451  A.l) 


-(3). 


sin  "jh 


(3.14) 


2  *  (1) 

— A_  (sin  *  x  -  l  cos  *’  Xj) 
1 

(2 ) 

C+  (sin  "2x2  +  l  cos  "2x2) 


(2)  1 
+  C  (sin  ,x,  -  i  cos  ’  x  )  | 


2  2 


”"xl  _VX3 
e  e 


ir  v  . 

r  3  (1)  +  r+ 

u3  =  | - —  A+  (sin  '3X3  +  1  cos 


1  2 


lr3V  (1) 

— —  A_  (sin  "jX  -  1  cos  ,x,) 


12' 


Now,  substituting  from  Eqs. (3.5)-,  (3.6),  (3.8)  - 
(3.10),  (3.12)  and  (3.13)  into  either  of  the  two 
algebraic  equations  obtained  from  ( 3 . 2 ) x  for  either 
or  *j,  for  nonzero  A*.1  -  and  a!1  ]  we  obtain 


M  f  +  P 


2  2_ (1) 


where 


4h 


cx2  =  0 


(3.15) 


2c 
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Mn  C11  +  _  ( 1 )  +  r2  (c12  +  C66) 


4(V(2'  +  C12,(r2"U'-C66)  -  nn 

- - COt  "2  T 


cU) 


n^c 


'•2 


(3.16) 


+  E^3*  (sin  '3x2  +  i  cos  '3X3) 

—  \,’X 

+  E^1  (sin  ■'3X3  -  i  cos  “3x  d  e  *c  3  1 


(3.11) 


P  =  cco  +  +  C„c> 

n  58  3  36  45 

4<r3e<3>  +  C4  5Mr3E<1,‘C36) 

+ - — - cot  *3  T  • 

n~c 


which  satisfies  Eqs.  (3.1)  with  (3.3)  provided  a 
system  of  six  homogeneous  linear  algebraic  equa- 
tions  in  A;1',  fti1  ' ,  C(,"  ' ,  Cl?  1  .  E(.31  and  Ei.3'  are 
satisfied  and  which  are  too  lengthy  to  present 
here* 1 .  Since  we  are  interested  in  modes  in  the 
vicinity  of  the  thickness  solution  for  large  A.' 
and  AiA>  for  which  ^  is  very  near  the  expression 
given  in  (3.5),,  we  take 


fh  +  3 


n  =  1,3,5  .  .  .  ,  (3.12) 


where  ctTm  is  small,  and  substitute  from  (3.12)  into 
the  vanishing  determinant  obtained1*  from  the 
aforementioned  six  equations  obtained  from  the 
boundary  conditions  (3.1)  with  (3.3),  and  expand** 
the  trigonometric  functions  and  the  determinant  to 
obtain 


:24h2'r2c(1)  -c66)  (r2c(1)  ♦  c12> 

_(1)_(2)  2  2 

c  c  v.^n  - 

■.24h2(r3c(3)-c36)(r3c(3i,c45) 

_ ( 1 )_  (3  )  2  2 

c  c  - 


2  2 


tv 

*3  2  ’ 
(3. 13) 


to  order  f  and  V  .  Moreover,  from  the  six  homo¬ 
geneous  linear  algebraic  equations,  we  obtain 


Furthermore,  it  can  be  shown11  that  all  the  equa¬ 
tions  are  satisfied  to  second  order  in  §  and  v,  but 
not  to  third  order.  The  dominant  algebraic  equa¬ 
tions  for  the  r;-  and  ~r.  solutions,  respectively,  do 
not  yield  any  conditions  to  second  order  in  %  or  v, 
but  turn  out* 1  to  be  of  third  order  in  *  or  v. 


Equation  (3.15)  is  the  asymptotic  dispersion 
relation  for  decaying  solutions  in  Xj  and  jt,  for 
the  unelcctroded  plate.  Hence,  past  experience'  * 
indicates  that  for  trigonometric  solutions  in  xx 
and  5 for  the  electroded  plate  the  asymptotic 
dispersion  equations  are  given  by 


2  2 

-2  -2  n  -  ~ (1)  2  n 

M  -  +  P  \  +  - r—  C  -  .Vl  -  0  , 

“*  n  4h2 


where 


r11’  -  cU,(l  -  -jS|  - 


2 

°26 


2:  h 


26  _{1) 


'22 


(3. 16) 


(3. 19) 


and  '  and  2)/  denote  the  mass  density  and  thick¬ 
ness  of  the  electrodes,  respectively. 


The  manner  of  derivation  of  (3.15)  reveals 
that  for  (3.16)  for  each  n  wc  must  have  the  homo¬ 
geneous  equation 


41 


1 


-2 


n2^2cil) 

2 


,2\ 


=  0  . 


(3.20) 


where 


u  ~n .  ,  ^ 

Jl=Ul(Xl'X3’t)  SIn  ~ 


(3.26) 


where  u:  is  the  asymptotic  solution  function  for  the 
u,  -displacement  for  the  nth  odd  harmonic,  which  is 
very  accurately  jivcn  by 


( 1)  ~  _  ixt 

-A  sm  — rr —  cos  -x  cos  vx_  e 
+  2h  *  1  3 


(3.21) 


for 
the 
node- 
in  t 


M 


snail  r  and  ..  Consequently,  it  is  clear  that 
her.’.; .jo neons  differential  equation  governing  the 
shapes  along  the  surface  for  uv  may  be  written 
h.e  fom 

2  n  .2  n 

— 3.  +  *  -4 

n  ,  2  n  .  2 


2  2. (1) 

n  —  c 


=  0  , 


(3.22) 


'X, 


*x 


3 


4h 


Equation  (3.25)  is  the  inhomogeneous  differential 
equation  in  x.  ,  ^  and  t  governing  the  system  of 
anharmonic  modes  associated  with  the  nth  odd  har¬ 
monic  thickness  mode  for  a  driving  voltage  V 
applied  across  the  surface  electrodes.  It  can  be 
shown**  that  when  (3.25)  is  applicable  the  approxi¬ 
mate  edge  conditions  to  be  satisfied  at  a  junction 
between  an  electroded  and  an  unelectroded  region  of 
an  SC-cut  quartz  plate  are  the  continuity  of 

u^  and  -u^/-n  ,  (3.27) 

where  n  in  3/  *n  represents  the  normal  to  the 
junction. 


since  the  substitution  of  (3.21)  in  (3.22)  yields 
(3.13).  When  a  driving  voltage  is  applied  across 
the  surface  electrodes  it  can  be  shown" *  *A*  that  a 
transformation  of  the  inhomogeneous  terms  from  the 
boundary  conditions  into  the  differential  equations 
causes  the  equation  obtained  from  (3.2).,  to  be  in¬ 
homogeneous.  Now,  the  homogeneous  form  of  the  in¬ 
homogeneous  equation  obtained  from  (3.2)!  is  the 
equation  from  which  the  dispersion  relation  (3.19) 
is  ultimately  obtained  and  all  ether  equaticns  are 
homogeneous  as  m  the  case  of  the  eigensclutions* * 
leading  to  (3.1-).  Since  m  an  expansion  m  an 
infinite  sum  of  the  c  lgens-lu*-  ions  of  the  associ¬ 
ated  homogeneous  problem  for  the  electroded  plate 
with  shorted  electrodes  the  equations  that  remain 
homogeneous  m  the  i nhomogcrv- .  vs  problem  are  satis¬ 
fied  termwise  and  the  homogeneous  form  ~f  the  in¬ 
homogeneous  equation  yield*  (3.19).  the  inhomogen¬ 
eous  differential  equation  may  ultimately  be  written 
in  the  form*  *  ‘  * 


cc  2  :i 

l  — r  *  p, 

n=l ,3.5  '  x. 


■Ui  n’-V11  „  ,.nl 

- 7? —  ux’:uiJ 

•x3  4h 


n  e_,Vx_  .  . 

2  26  2  lit 


(3.23) 


where  V  is  the  driving  voltage  and 


u,  =  ;  u 

1  1 
n= 1 , 3  5 


:(1,=ca)(l-k26)  .  (3.24) 


Utilizing  the  orthogonality  of  sin  n~x  '2h  in  the 
interval  -h  to  h,  from  (3.23)  we  obtain 


M 


r> 

26 

(1) 

c 


4Ve 


i  it 


2  2  ’ 


n 


(3.25) 


4 .  Contoured  Resonator 

A  schematic  diagram  of  a  plano-convex  reson¬ 
ator  is  shown  in  Fig. 3.  it  has  been  shown  that  the 
slowly  varying  thickness  of  a  spherically  contoured 
resonator  can  be  represented  in  the  form*"'* 


2h 


2h  [1  -  (x2  +  x2)/4Rh  ]  , 
O  1  J  o 


(4.1) 


the  substitution  of  which  in  (3.25)  and  expansion 
to  first  order  in  +  x^  yields 


.2  n 


,2  n 
3  u 


2  n  .  2 
*1  "X3 


n2-2J(1)  r  (x1  +  x3)_ 
- x —  1  + 


4h 

o 

n-1 


2Rh 


2  n  2  2 

,  u  =  -J  (-1) 


26  4V 
c(1)  n2-2  ’ 


(4.2) 


where 


n ,  ,  ixt 

U  (X1'X3)G 


(4.3) 


Equation  (4.2)  is  the  inhomogeneous  differential 
equation  for  the  anharmonic  family  of  the  nth  odd 
harmonic  of  the  SC-cut  quartz  plano-convex  reson¬ 
ator.  It  has  been  shc^n  that  the  eigensolutions  of 
the  associated  homogeneous  problem,  i.ev  of  (4.2) 
with  V »  0,  can  be  written  in  the  form1*'* 

2  2 


i  =e  n  2  H  (  a  x_)e  n  2  H  <  TT”x-)  ,  (4.4) 

nmp  m  n  1  p  no 


where  H„  and  H*  are  Hermite  polynomials  and 

„  22. (1)  .  22. ( 1 ) 


- 5 - 

8Rh  M 
o  n 


- 5 - 

SRh  P 
o  n 


(4.5) 


The  e lgcnf requenc ios  i.  .  r  obtained  from  the  solo- 
tier.  (4.4)  are  given  by 
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2 

^nmp 


where 


nlV11 

4h2c 

o 


2h  1/2  nr" 

+  I  n  (2m  + 

'-V  ?<D 


n"  \.  R 


m,p-  0,2,4, 


(2m  +  1) 


(4.5) 


(4.7) 


As  noted  in  the  Introduction,  since  the  node  is 
sharply  confined  to  the  vicinity  of  the  center  of 
the  plate,  the  edge  of  the  electrode  and,  of  course, 
the  edge  of  the  plate  are  both  ignored  in  the  treat¬ 
ment  used  in  obtaining  the  solution  presented  here. 


the  driving  voltage.  In  the  vicinity  of  a  reson¬ 
ance,  say  the  NMPth,  one  term  in  the  sums  in  (4.8) 
with  (4.3)  and  (3.24),  dominates  and  the  others  are 
negligible.  Thus,  from  (4.8),  (4.3),  (3.24),  and 
(2.29),  in  the  vicinity  of  said  resonance  the 
steady-state  solution  may  be  written 


ixt 


2h 


N~X 

_ 2  lxt 

e26VX2 

2h  UNMP6 

c(1)2h  0 

6  26  NMP  f 

N-x2 

*  e22  UNMP  \ 

,Sin  ~ 

N-1 

(-1)  2  £)  eixt, 


(4.13) 


We  now  write  the  steady-state  solution  of  (4.2) 
as  a  sum  of  eigensolutions  (4.4),  thus 


u"  =  Hnmpu 


m  p 


nmp 


(4.8) 


where  we  have  taken  the  liberty  of  introducing  the 
terms  resulting7  *  ■*  *  *  *  from  the  transformation  of 
the  driving  voltage,  which  have  heretcfore  been 
omitted,  and,  as  usual,  in  (4.13)  is  to  be 

replaced  Ly 


Substituting  from  (4.8)  into  (4.2)  and  employing 
the  homogeneous  form  of  (4.2)  for  each  eigensolu- 
tion,  we  obtain 

:  ,  nmp  2  2  . 

!  >  H  <X  -X  )u 

i-  L.  nmp  nmp 

m  p  n-1 

2  1“  G264V 
=  x  (-1)  - - - 


(1)  2  2 
c  n  - 


(4.9) 


from  which  with  the  aid  of  the  orthogonal! tv" 
the  u. ,  r  ,  we  obtain 

n-L 

2  e,,,,'  V4 

26  nmp 


H 


nmp 


(-1) 


:(1,n2-2L  tl  -  (x2  /*2>, 

nmp  nmp 


where 


and 


~.m  p 
-  m.  2  p ! 


nmp  — 


lnm 


? 

*1  -  J. 

•  0  "  ?- 

o 


'  =  4F.  F, 

nmp  lnm  3pp 


H  (  •  x ,)dx,  . 
m  n  1  1 


(4.10) 


(4.11) 


f  =  r 

3np 


H  C'5  X- )dx  .  (4.  12) 

p  n  3  3 


Since  the  mode  is  sharply  confined  to  the  center  of 
the  contoured  resonator,  in  obtaining  (4.10)  from 
(4.1)  we  have  replaced  the  circular  electrode  -.f 
radius  by  the  circumscribed  square  of  lengths 
2jr j  =  2/,.  =  2i  :n  order  to  simplify  the  integrals  and 
obtain  (4.12).  Thus,  we  now  have  the  scrips  r*  j  |  r  - 
sontation  of  the  steady-state  sol  it  i  n  for  the 
linear  forced  vibrations  of  the  :■  -nt. -Mired  reson¬ 
ator.  The  representation  is  giv  n  by  <Ah  1  wit!. 

(4.  1C)  -  (4. 12)  .  (4.4),  (4.31  ,  ( :« .  .V* )  .  r  1 .  24  )  and 
(2.29)  with  (2.20)  t  all  In  the  al  sen  .  •'  ti.e 

ter-  that  resul'  *  *  •  *  from  t  he  t  rans*  --r  V  i  n 


i  =  x  +  ix  /2o 
NMP  WMF  NMP  NMP  ’ 


(4.14) 


in  which  is  the  unloaded  quality  factor  of  the 

SC-cut  contoured  resonator  in  the  NMPth  mode.  The 
admittance  Y.  ..5  of  th.is  SC-cut  contoured  resonator 
operating  in  the  NMPth  mode  is  obtained  by  first 
substituting  from  (4.13)  into 


D2  =  c26  V'l ,  2  ~  22‘* 


2'* ,  2 


(4.  If  ) 


which,  is  obtained  by  substituting  from  (2.2l'i  ir.t'- 
(2.6),  employing  (2.30);  and  ignoring  and  u.  , 
which  are  negligible  for  modes  in  the  vicinity  of 
the  u- -thickness  mode,  and  then  substituting  from 
(4.15)  into 


r  . 

I  =  -  1  dx^dx^ 

A 

c 

with  the  result 

I  Xx:22  ~2 

ynmf  v  2h  <1+  k26  ,Ap 

°  f2  .2 

la,:22^264''NMP 


( 4 .  16  ■ 


I  -  1]N--‘L  h 

NMP  NMP 


(4 . 17' 


where 


(1) 


'  26  "  26'  ~  22' 


A  ( 1  4  ‘  -.Rh  )  .  ;  4 .  1  ; ' 


and  in  obtaining  the  second  r  m  (4,17)  we  :.av 
again  replaced  the  circular  electrode  by  the  cir¬ 
cumscribed  square  to  perform  the  integrations.  7 
quantities  C  and  C.  defined  by 


V'22(L+k26' 


4e 


22'  26  NMP 
l*NMPho 


(4 .  19} 


are  called  the  static  and  motional  capacitances, 
r^r.pe  t  i  ve  1  y . 
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F.qvn.t  (4.u  )  l.ai-  been  employed  in  the  calcu¬ 
late  n  *.'!  ivsK-nant  frequencies  of  two  plano- 

■  vnvrx  lo^'iaton;.  One  icsonator  has  a  nominal 
fundamental  nv-quoncy  nf  5  MHz .  which  corresponds 
t-i  a  plat  '  t!,i>-k:u -ss  l'h.  =  .3595  mm,  and  a  radius 
curvature  R  -  5  cm,  and  the  other  resonator  has 
a  .i.ir.’.nn  i  i undunrntnl  frequency  of  10  MHz,  for 


v.*5 .  ll  ’ .  .]?»•'  vn,  and  a  radius-  of  >.unnturc 

K  -  10  on-d:  :  csonato!  cal-  u  la  t  ions  were 

vcr.'  rr«  •  bfv  h  re  r  ■  thickness  electrodes  and 
Vc  t :  !  *k  k  Id  ■  ■  L.  ct  rt ‘dec  4  nen  in  diameter  and 
the  r  c  : ..!  an  uiven  m  Tables  T  and  II.  We  be- 
lio\-'.  ■ :  .u  the  calculations  arc  accurate  because  of 
the  a.  -  .racy  obtained'  in  the  case  of  AT-cut 
q\»arf:  .  5 '  eta  civ  -a pa  stances  of  each  resonator 

have  b. ..  .a  leu  la  tod  :  ne.  Eq.  (4.19)  and  have  the 
value  • 

1  e 

C  -•  1.  7  r:  <7~  ^  3.75  pf  .  (4.20) 


The  :-v  ti- nal  capacita::*-cs  have  been  calculated  from 
Eq.  i-5.lv  f som.'  c:  the  modes  of  each  resonator 
and  t r.  •  '.it-  nr<  uiver*.  :  n  Table  III. 
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TABLE  I 


Mode 

NMP 

R  =  0 

Freq  (kHz) 

R *  0.00811 
Freq  (kHz) 

100 

5142.2 

5101.4 

102 

5371.0 

5330.1 

120 

5476.2 

5435.3 

122 

5691.  5 

5650.4 

300 

15133.8 

15011.6 

500 

25150. 9 

24947.2 
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TABLE  II 


Mode 

NMP 

K  =0 

Freq  (kHz) 

R«  0.0162 
Freq  (kHz) 

100 

10196 . 5 

10032.8 

102 

10524.7 

10360.8 

120 

10676.9 

10512.9 

122 

10990.7 

10826.2 

300 

30181.2 

29690.6 

500 

50200.7 

49383.2 

TABLE  III 


Mode 

NMP 

R  =  0 

5 

(fF) 

R  =  0 
C^°(fF) 

R=  0,0162 
c|°(fF) 

100 

2.39 

2. 11 

2.14 

102 

.50 

1.04 

1.05 

120 

.  16 

.94 

.94 

122 

.03 

.46 

.46 

300 

.10 

.07 

.07 

500 

.02 

.02 

.02 

Figure  2  Plan  View  Showing  the  Original  Coordinate  System,  the 
T ransformed  Coordinate  System  in  the  Plane  of  the 
Plate  and  the  Projections  of  the  Thickness  Solution 
Eigen  Displacements  u.  and  u~  on  the  Plane  of  the 
Plate 


Figure  V  Schematic  Diagram  Showing  the  Original  Coordinate 
System,  the  Thickness  Solution  Eigen  Displacement 
Coordinate  System  and  the  Projection  of  the  Eigen 
Displacement  u^  on  the  Plane  of  the  Plate 


Plono  -  Convex  Resonator 


F igure  3  Schematic  Diagram  Showing  a  Plano  Convex  Resonator 
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TEMPERATURE  INDUCED  FREQUENCY  CHANGES  IN  EIZCTRODED  CONTOURED 
SC-CUT  QUARTZ  CRYSTAL  RESONATORS 


D.S.  Stevens  and  H.F.  Tiersten 


Department  of  Mechanical  Engineering, 
Aeronautical  Engineering  &  Mechanics 
Rensselaer  Polytechnic  Institute,  Troy,  New  York  12181 


Abstract 

A  system  of  approximate  plate  equations  for 
the  determination  of  thermal  stresses  in  electroded 
piezoelectric  plates  is  applied  to  contoured  SC-cut 
quart?  crystal  resonators.  The  changes  in  resonant 
frequency  resulting  from  the  thermally  induced 
biasing  stresses  and  strains  are  determined  from 
t :.c  equation  for  the  perturbation  of  the  eigenfre- 
quenev  of  the  piezoelectric  solution  due  to  a  bias 
using  the  modal  solutions  for  the  contoured  SC-cut 
quartz  crystal  resonator.  The  influence  of  the 
electrode  size  is  included  in  the  treatment  in 
addition  to  the  contouring.  To  this  end  the  very 
important  temperature  derivative  of  the  piezoelec¬ 
tric  constant  for  the  thickness-mode  of  interest  in 
SC-cut  quartz  plates  is  evaluated  from  measurement. 
The  changes  in  resonant  frequency  with  temperature 
are  calculated  for  the  fundamental  and  some  of  the 
odd  harmonic  overtones  which  were  obtained  in  the 
recent  analysis  of  the  contoured  SC-cut. 

1 .  Introduction 


capacitive  effect  of  the  electrodes  on  the  resonant 
frequencies,  the  temperature  derivative  of  the 
piezoelectric  constant  for  the  thickness  mode  of 
interest  in  SC-cut  quartz  is  first  evaluated  from 
measurement1  .  Calculated  changes  in  resonant  fre¬ 
quency  with  temperature  are  presented  for  the 
fundamental  and  some  of  the  odd  harmonic  overtone 
thickness-modes  of  the  contoured  SC-cut  quartz 
crystal  resonator.  The  calculations  clearly  reveal 
the  influence  of  both  the  contouring  and  the  elec¬ 
trode  size  on  the  temperature  dependence  of  the 
resonant  frequency. 

2.  Perturbation  Equations 

The  equation  for  the  perturbation  in  eigen- 
frequency1  mentioned  in  the  Introduction  may  be 
written  in  the  form 

<-  *  H  /2(jl  x  =  w  “A  ,  (2.1) 

►-  u  U  up.7 

where  x^  and  x  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 


The  equation  for  the  perturbation  in  eigen- 
frequency  of  the  piezoelectric  solution  due  to  a 
bias  has  been  obtained'  .  The  change  in  resonant 
frequency  due  to  any  bias  may  readily  be  found 
from  the  perturbation  equation  if  the  bias  and  un¬ 
biased  mode  shape  are  known.  In  addition,  a  system 
of  approximate  plate  equations  for  the  determina¬ 
tion  of  thermal  stresses  ir.  thin  anisotropic  plates 
coated  with  large  much  thinner  films  has  been 
derived*  from  the  static  form  of  Mindlin' s  plate 
equations^  .  Furthermore,  an  analysis  of  con¬ 
toured  SC-cut  quartz  crystal  resonators  has  been 
performed  and  the  node  shapes  and  resonant  fre¬ 
quencies  have  been  determined  . 
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r 
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V,L 


+  5nf^ 

L  ,L 


)  av  , 


(2.2) 


and  V  is  the  undeformed  volume  of  the  piezoelectric 
platg  at  the  reference  temperature  T0.  In  (2.2) 
and  &  denote  the  normalized  mechanical  displace¬ 
ment  vector  and  electric  potential,  respectively, 
of  the  M-th  eigensolution,  and  are  defined  by 


T  cuuuUdV  . 

V  v  ’ 
V 


(2.3) 


In  this  paper  an  improved  version  of  the 
thermally  induced  biasing  three-dimensional  dis¬ 
placement  field  resulting  from  the  solution  of  the 
approximate  static  thermoelastic  plate  equations 
is  employed  in  the  equation  for  the  perturbation 
in  oigonf rcquency ,  along  with  the  solution  for  the 
modes  in  contoured  SC-cut  quartz  plates'  and  the 
temperature  derivatives  of  the  fundamental  elastic 
conrtants  of  quartz’, in  the  calculation  of  the 
temperature  dependence  of  the  resonant  frequencies 
of  contoured  SC-cut  quartz  resonators.  However, 
in  rdrr  to  include:*  thr>  very  important  influence 
•>:  t.hn  fomjjorntuio  dependence  “  of  the  motional 


where  ity  and  &  are  the  mechanical  displacement  and 
electric  potential,  respectively,  which  satisfy  the 
equations  of  linear  piezoelectricity 


J*  * e  u  -  e  cr 
L  LMY  v,  M  LM  ,  M 


(2.4) 


(2.3) 


subject  to  the  appropriate  boundary  conditions. 
The  quantities  c.  S  2 ,  e*LY  and  eLtk.  denote  the 
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second-order  elastic,  piezoelectric  and  dielectric 
constants,  respectively,  and  p  denotes  the  mass 
density.  Equations  (2.4)  are  the  linear  piezo¬ 
electric  constitutive  relations  and  (2.5)  are  the 
stress  equations  of  motion  and  charge  equation  of 
electrostatics,  respectively.  The  upper  cycle 
notation  for  many  dynamic  variables  and  the  capital 
Latin  and  lower  case  Greek  index  notation  is  being 
employed  for  consistency  with  Ref.l  as  is  the  re¬ 
mainder  of  the  notation  in  this  section.  The 
variables  Kfy  and  in  (2.2)  denote  the  portion  of 
the  Piola-Kirchhof f  stress  tensor  and  reference 
electric  displacement  vector,  respectively,  result¬ 
ing  from  the  biasing  state  and  a  chanqe  in  the 
fundamental  material  constants  in  the  presence  of 
the  gtf  and  fu,  and  are  given  by 

(=L,!fc  +  i5LVM0,<,M+  <®Mrv  +  ieMLY)^M> 

3n=  (e  +  Ae  )ga  -  (e  +  Ae  )f 11  ,  (2.6) 

L  LMY  LMv  Y ,  M  LM  LM  ,  M 

where  and  €cm  are  effective  constants 

that  depend  on  the  biasing  state1  and  AcLYMa> 
ioLvy  and  v  denote  small  changes  in  the  funda¬ 
mental  elastic,  piezoelectric  and  dielectric  con¬ 
stants,  respectively,  due  to  a  change  in 
temperature . 

When  nonlinearities  due  to  biasing  deformation 
only  are  included,  we  have 

c  =  b  E1  -  2e  E1  . 

LM  LMCD  CD  o  LM 

e  =  —  k  E+e  w  , 

LM.  lIMVBC  BC  LMKY,K’ 

_  1  t  1 
CLvMs  =  TLM'Yi  §LYtt>AB  AB  +  iLYKMWo,  K 


shown  in  Fig.l.  It  has  been  show rr  that  referred 
to  the  coordinate  system  in  Fig.l  the  static  purely 
extensional  thermoelastic  plate  equations  for  the 
plated  crystal  plate  may  be  written  m  the  form 

v<°>  =  0  v'(2>  =  0  ,  {3.  1) 

AB , A  AB, A 

where  A  B,  C,  D  take  the  values  1  and  3  and  skip  2 
and  and  v*| -  are  the  zero  and  second  order 

plate  stress  resultants,  respectively,  for  the  elec- 
troded  crystal  plate.  For  homogeneous  temperature 
states  and  identical  electrodes  on  the  upper  and 
lower  surfaces  the  extensional  constitutive  equa¬ 
tions  may  be  written  in  the  form 


=  2h(Y  +3nlv,  y°> 

1  1_  ABCD/  CD 


2h3fi  v 

\3  ABCD 


: '  (T  -  t  )  , 
AB  o 


y'2Uh3fv 


v  E 

ABCD /  CD 


V0,4hh 


“Sly'  V2)-2h3(e  +£il 

h  ABCD  CD  3  V  AB  h 


‘  1  (T  -  T  ) 

AB  o  '  (3.2) 
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in  the  compressed  notation  and  we  have  introduced 
the  usual  compressed  matrix  notation  for  tensor 
indices  according  to  the  scheme 

R,S  =  1,3,5  ;  K,V=  2,4,6  ,  (3.4 


VRS  =  CRS  "*  CRWCWVCVS  ’ 


-1 

5  s  v  -  c  c  v  . 
R  R  RWWV  V 


+  C  W 

Slkh*  Y,K  ’ 


whore  for  a  thcrmoclastic  biasing  state  and  rela¬ 
tively  small  changes  in  temperature  T  from  the 
reference  temperature  T0 , 

T1  =  c  E1  -  v  (T  -  T  )  , 

LM  2LMKN  KN  LM  o  ’ 

E*  =  ~  (w  +  w  )  ,  (2 .  H 

KM  2  K,N  N,k'  ’ 

c  b  ...  ?  and  k^vVe;:  denote  the  third-order 

clastic  constants,  the  electrostrictive  constants 
an  1  the  first-order  e lectroolastic  constants, 
respectively,  -y  denotes  the  permeability  of  free- 
space,  w.  denotes  the  static  biasing  displacement 
field,  and  v._..  denotes  the  thermoclast ic  coupling 
coefficients.  Thus,  in  this  description  the 
present  position  y  is  related  to  the  reference 
position  X  by 

y  (X,  .  n  =  X  *■  wt.  h  +  u(X  t )  .  (2.9 

3 .  Temperature  Induced  Biasing  State 

A  schema t  i diaqram  of  the  contoured  plate 
along  with  the  associated  coordinate  system  is 


The  'vj  -  are  Voigts'  anisotropic  plate  elastic  con¬ 
stants  and  the  are  the  associated  anisotropic 
plate  thermoelastic  constants.  For  the  case  cf  an¬ 
isotropic  extension  considered  here  the  three- 
dimensional  strains  E,  u  ,  which  are  needed  in  the 
perturbation  equation,  are  related  to  the  plate 
strains  by 


(w  +  w 
K,  L  L.K 


uEw'o:Vf 

KL  2  KL 


The  plate  strains  Ei  'p  ^  (n  =  0,2),  winch,  occur  in 
(3.2),  arc  given  by 


1  ,  <n) 

—  (W  4 

2  A.B 


and  the  remaining  plate  strains,  which-  arc  needed 
l n  (3.6)  as  well,  may  be  obt a i nod  f ror 


-1  r(0) 
-  c  c  E 

wv  vs  s 


c  N  (T  -  T  ) 
WY  V 


"  CWVCVSES 


The  fnregoinq  has  been  for  the  elect roded 
portion  of  the  plate.  In  the  unolect roded  portion 
the  situation  is  somewhat  simpler  and  wc  have  the 
ordinary  stress  equations  of  equilibrium 
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T  =  0  , 
ML,  M  J 


along  with  the  constitutive  equations  (2.8)^. 

Since  the  outside  edges  of  the  plate  are  traction 
free  along  with  the  unelectroded  major  surfaces, 
we  have 

Vml  =  0  ’  <3-10) 

on  all  unelectroded  surfaces,  where  N,..  denotes  the 
unit  normal  to  all  unelectroded  surfaces  of  the 
plate  at  T  *  .  From  (3.9)  and  (3.10)  we  have 


We  now  note  that  since  the  equations  of  equi¬ 
librium  for  the  plate  stress  resultants,  (3.1),  are 
satisfied  trivially^  only  the  homogeneous  plate 
strains E«l'  and  can  be  determined  from  (3.161 

and  (3.8),  which  yield  E„  _  from  (3.6),  but  Eqs.  (2.6) 
and  (2.7)  reveal  that  the  biasing  three-dimensional 
displacement  gradients  w„  f  are  required  in  oroc-r 
to  evaluate  the  perturbation  integral  H  in  (2.2). 
Whenever  only  plate  strains  E;  'j  are  determined 
from  the  plate  equations,  the  associated  plate- 
rotations  are  determined*  ‘  ’* '  by  requiring 

consistency  with  the  three-dimensional  rotation 
gradient-strain  gradient  relations 


for  the  unelectroded  portion  of  the  plate.  Since 
the  thermoelastic  coupling  constants  Vv-  are  re¬ 
lated  to  the  coefficients  av. „  by  the  usual  relation 


=  e  -  e 

KL,M  ML,  K  MX. ,  L 


=  —  (w  -  w 
KL  2  L,K  K, 


( n )  =  1  (n)  _,,(n) 
KL  2  L,  K’  V;K,L 


VML  JK  ’ 


,  , ,  , .  (n+1) 

<n+1)(‘2KWL 


) ]  .  (3.1b) 


from  (2.8)j,  (3.11)  and  (3.12),  we  have 


Etv  =  a  (T  -  T  ) 
JK  JK  o 


in  the  unelectroded  region. 

By  virtue  of  (3.11).  along  the  edges  of  the 
electroded  region  of  the  plate,  we  have 

Vm,=0-  Vab,=0-  (3-14> 

where  N,  denotes  the  outwardly  directed  unit  normal 
to  the  edge  of  the  electrode  at  T  T;  .  The  solu¬ 
tion  satisfying  (3.14)  and  (3.1)  takes  the  form 

This  solution  is  unique  to  within  static  homogene¬ 
ous  plate  rotations  of  zero  and  second  order.  Sub¬ 
stituting  from  (3.2)  into  (3.15),  we  obtain 

fv  +  ,  '  V<0)  ,  u2r'RS  ^  2h'  ,  \(2) 

V  RS  h  RS jES  +  h  \  3  h  NRS  ES 

=  ',5R  +  —  '(T-To>> 

(v  +  ^  v'  V°Lh2^  .  *^  ,'V2) 

V  RS  h  RS  S  \5  RS  h  RS  S 

=  1  i  +  (T  -  T  )  . 

f  R  h  R  -  o  (3.i6) 

Equations  (3.16)  constitute  six  inhomogeneous  linear 
equations  which  may  readily  bo  solved  for  the  six 
plate  strains  L*'‘  and  V  \  When  e'  '  and  Eir  ' 
have  been  determined  from  (3.16),  E* "  and  E),‘  are 
readily  determined  from  (3.  -;).  Th.cn  the  three- 
dimensiouaL  biasing  strain  can  be  obtained  from 
(3.6),  which  is  for  anisotropic  extension.  There 
is  no  flexure  because  the  resonator  lias  identical 
electrodes  and  is  subject  to  a  homogeneous  tempera¬ 
ture  change  (T-T. ). 


Then  the  three-dimensional  displacement  gradients 
in  the  electroded  region  are  given  by**'“" 


_,J0)  2  (2) 

WA,B  ‘-AB  +X2EAB 
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A.  2  E2A 
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2X2  2A 


•  -E‘°»  v2E'2> 
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which  with  (3.16),  (3.8),  (2.7),  and  (2.8).  yields 
c_vv-  in  the  electroded  region  as  a  known  linear 
function  of  (T  -  ) .  In  the  unelectroded  region 

the  homogeneous  strain  state  is  given  by  (3.13)  and 
the  static  homogeneous  (global)  infinitesimal  rigid 
rotation  is  arbitrary4.  In  fact,  the  change  in 
frequency  due  to  a  honogeneous  infinitesimal  rigid 
rotation  has  been  shown  to  vanish"  .  Consequently, 
we  may  select  the  homogeneous  infinitesimal  rigid 
rotation  to  take  any  value  that  is  convenient  and 
in  particular  to  vanish,  and  we  have 

“3  =  —  (w  -  w  )  =  0  -  (3  20) 

KL  2  1,  K  K,L-  -  ’  1  ' 

which  with  (2,8).  and  (3.13)  yields 

The  substitution  of  (3.13),  (3.21'  and  (3.11)  m 
(2.7)-,  yields  c_VvC  as  a  known  linear  function  of 
(T  -  T:  )  in  the  unelectroded  region. 

4 .  Eigenmodes  in  Contoured  Resonators  and  the 
Equivalent  Trapped  Energy  Mode 


It  has  been  shown  that  the  eigensolutior.s 
for  contoured  SC-cut  quartz  resonators,  referred 
to  coordinate  axt  s  obtained  from  the  eigenvector 
triad  of  the  pure  thickness  solution  for  the  Sc¬ 
out,  can  be  written  in  the  form 


n-X  ix  t 

2  nmp 

i,  =  sm  — — —  u  o 
lnmp  2h  nmp 
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wh«r«  th«  Xa-axi«  i»  ghown  in  Fig.l  and  Uj  la  In 
tha  direction  of  the  thicknaaa  aigandiaplacament  of 
intaraat?  and  ,  , 

_  X1  .  X3 
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and  along  with  iu  we  have 

*  z  nnX,  —  x„,  lx  t 

Unmpl9^n  **2h^  ‘-1’  lf)e  nmP  >  (4-3! 


6  22 

where  for  the  modes  of  interest? 

n“1)3»5>  >  m,p»0,2,4 .  (4.4) 

In  (4.2)  H,  and  H  are  Hernite  polynomials  and 
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(4.9) 


and  z  and  z'  are  the  mass  densities  of  the  quartz 
and  electrodes,  respectively. 

In  addition  to  ulrtP  given  in  (4.1)  there  are 
both6  ua„tP  and  Uarcp, which  are  an  order  of  magni¬ 
tude  smaller  than  ulr,p,  but  are  required  in  this 
work  because  the  SC-cut  is  thermally  compensated 
for  the  pure  thickness  mode  of  interest.  However, 
since  the  tu  -  and  U3 -displacement  fields  accompany¬ 
ing  the  larger  ux -displacement  field  are  known  only 
for  the  electroded  and  unelectroded  flat  plate6 '*E, 
we  fit  the  Gaussian  mode  shape  given  in  (4.1)  and 
(4.2)  for  the  contoured  resonator  to  a  trapped 
energy  mode*  6  in  a  flat  plate  in  accordance  with 
the  diagram  shown  in  Fig. 2,  Since  the  Gaussian 
mode  shape  is  sharply  confined  to  the  vicinity  of 
the  center  of  the  contoured  resonator,  we  replace 
the  circular  electrode  by  the  circumscribed  square 
for  convenience  in  performing  the  perturbation 
integrals  (2.2).  Furthermore,  for  the  same  reasons 
we  take  the  flat  plate  to  have  the  thickness  2)v  in 
the  central  region  and  the  thicknesses  2hj  and  2h.. 
of  the  contoured  resonator  at  the  lines  of  inflec¬ 
tion  of  the  Gaussian  mode  shape  in  the  X.-  and  X  - 
directions,  respectively,  which  are  given  by 


Pn  =  C58  +  r3(C36  +  C45'  + 

4<r38<3)*c451  (r3g<1> 


and 
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In  Eqs. (4.3)-  (4.90  the  material  constants  are 
the  transformed  constants  discussed  in  Ref .6  and  the 
1  (is  1,2,3)  are  the  eigenvalues  for  the  piezo- 
electrically  stiffened  plane  waves  for  the  thick¬ 
ness  direction  of  the  SC-cute .  The  eigenfrequen- 
cies  for  this  eigensolution  are  given  by 


where 


2h  =  2h  (l-a"/4Rh  ).  2h,  =  2h  (l-a?/4Rh  ), 

1  °  1  °  3  0  3  °  (4.10) 

The  equivalent  trapped  energy  mode  is  fitted  to  the 
Gaussian  by  matching  the  Gaussian  at  the  center  of 
the  plate  and  requiring  the  volumes  under  the 
Gaussian  mode  shape  and  the  equivalent  trapped 
energy  mode  to  be  separately  the  same  under  the 
inner  rectangular  region  defined  by  the  lines  of 
inflection  of  the  Gaussian  mode  shape  in  the  two 
directions  and  the  outer  regions.  This  is  a 
reasonable  procedure  for  our  purposes  because  such 
a  function  can  match  the  Gaussian  quite  well,  wo 
integrate  over  the  mode  shape  in  the  perturbation 
integral  (2.2)  and  the  analysis  in  Sec. 3  shows  that 
the  thermally  induced  biasing  state  consists  of  two 
essentially  homogeneous  states. 


Since  the  equivalent  trapped  energy  mode  is  tr 
be  determined  by  matching  to  the  known  Gaussian 
mode  shape  in  accordance  with  the  foregoing  pro¬ 
cedure,  the  dispersion  relations  arc  not  needed  and 
only  the  continuity  of  the  mechanical  displacement 
Uj  need  be  imposed  at  the  line  . f  inflection  ir. 
each  direction.  The  solution  functions  fer  the 
trapped  energy  eigen  modes  have  been  shown*  tr  he 
of  the  form 


.  _  n'X2 

u  =  b  sin  — rr —  cos  ,  cos  vx.  . 
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T  T  n"X2  -  'vT(X3'a3> 

=  B  sin  cos  ?x  e 
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u  =  B  sin  .■ 
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-S  T 
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(4.11) 


In  accordance  with  the  matching  procedure  outlined, 
we  take 

B  =  A  ,  (4.12) 


and  obtain  ?  and  v  from  the  relation 


3  -9  - 
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s  ‘[x^dX^  f  cos  vX^dX^  ,  (4.13) 


from  which,  by  separately  equating  the  product 
integrals,  we  obtain  the  transcendental  equations 
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We  now  have  the  -^-displacement  field  for  the 
equivalent  trapped  energy  mode. 

As  noted  earlier  in  addition  to  the  Uj  (u.  ) 
displacement  field  there  are  accompanying  u-  (u? ) 
and  vl  (a,  )  displacement  fields,  and  to  the  same 
order  in  § (T)  there  are  accompanying  corrections  tc 
the  Uj  (u-  )  displacement  fields,  which  are  given  by 
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n"x2  -  ''3n"X21  ~ 

B  COS  +  E  cos  — rr —  cos  'X,  sin  vX 

2h  2h  J  *  1 


V 
4. 17) 


C  = 


-1) 


~ ■  tr2E,2)  +  c12)i2hB 


.  (2) 


E=  (-1) 


n~  sin  v.^nr / 2 
- T  (r3E<3)  +  C45)^2hi 


.(3) 


(4.18) 


and 


S  „S/, 
u  =  B  1 


sin  K,ir:/2 


16  S  x  **2  -S  (Xfall  . 

■  X„  Ism  — — —  e  cos  -X 


-(1)  -  2 
c 


2h 


3  ’ 


3  I  ~  J  i  ~n  3^ 

-  -  j—  erfw— 


(4.14) 


“n  3 


for  the  fundamental  and  harmonic  overtones.  The 
one  root  of  each  of  (4.14)  determines  the  values  of 
'  and  r.  for  the  equivalent  trapped  mode.  Equa¬ 
tion  (4.13),  and,  of  course,  (4.14)  are  for  the 
harmonic  modes  only,  for  which  Hj  =  Hp  =  1. 

Since  the  equivalent  trapped  energy  mode  is 
continuous  at  the  junctions , the  relations  between 
the  amplitudes  in  the  different  regions  are 

S  —  —  t  — 

B  =  B  cos  ^a,  ,  B  =  B  cos  va,  , 

*  1  3  ’ 


BC  =  B  cos  cos  va^  , 


(4.15) 


which  with  (4.12)  gives  all  amplitudes  of  the 
equivalent  trapped  energy  mode  in  terms  of  the 
amplitude  of  the  Gaussian  mode  shape.  By  following 
a  procedure  similar  to  the  one  employed  in  the 
treatment  of  the  central  region,  for 
)L  =!!.=!,  we  obtain . 


,  •  . -  it 

..  /  n  ’■  .  f  n  \ 

:  ;  J7  ai  l~  crfr .  -T  a3 


(4.16) 


us  =  r!£2h  -s 

U2  _  n- 


s  _  rV2h  „s 


n~X  K.n-X._ 

r.-  2  _S  2  2 

B  cos  —  ♦  C  cos  -Sr-_ 

-5s (X  -a  ) 

•  e  cos  vX,  , 

nK, 


where 


(-1) 


2  _S  K3n‘~*2-'. 
B  cos  *  E  cos  ■■  2h  ■ 


-r<X  -a  ) 
e  sin  tx. 


n+1  ,  -  (2 )  ,  ,S,.„S 

—  lr2c  +  c12)£  2hB 


(4.191 


_  (2 ) 

c  K2n  sin  K2vr'/  2 


n+1  .  _  (3 )  .  _.S 

S  ,/T"  (r3C  +  C45^2hB 
E  =  (-1) 


:  (3) 


(4.20) 


Hjnrr  sin  K3n-/2 


with  similar  expressions11  for  Uq  and  uc .  As  noted 
earlier  in  this  section  this  solution  is  referred 
to  the  eigenvector  triad  of  the  pure  thickness  solu¬ 
tion  for  the  SC-cut'  .  For  purposes  of  calculation 
of  the  temperature  dependence  of  t:  e  resonant  fre¬ 
quency  it  is  advisable'  *  to  transform  back  to  the 
original  conventional  coordinate  axes  for  the  SC- 
cut,  thus 

\  -  -  l4-21> 

where  iu  denotes  the  components  of  the  mechanical 
displacement  in  the  original  coordinate  system  for 
the  SC-cut  and  Q-p  denotes  the  transformation  from 
that  system  to  the  eigenvector  triad  . 
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5 .  Temperature  Dependence  of  Resonant  Frequency 


ict¥vc  are  giver,  by 


The  change  in  the  resonant  frequency  with  tem¬ 
perature  of  any  electroded  contoured  SC-cut  quartz 
plate  resulting  from  the  thermally  induced  biasing 
may  now  be  determined  from  (2.1)  and  (2.2)  with 
(2.6)  and  (2.7).  However,  Eq.  (2.2)  cannot  be  used 
for  calculation  as  it  appears  because  the  tempera¬ 
ture  derivatives  of  the  complete  piezoelectric  and 
dielectric  tensors  are  not  presently  known,  nor  are 
all  the  fundamental  coefficients  appearing  in  (2.7) 
known.  Nevertheless,  since  the  piezoelectric 
coupling  and  wavenumbers  along  the  plate  are  both 
small,  the  temperature  dependence  of  only  the 
transformed  thickness  piezoelectric  and  dielectric 
constants  e26  and  e22  need  be  retained  in  . 
Moreover,  since  (l/e36  )de26  /dT»  (l/e22  )de22/dT, 
we  ignore  (I/e22 )de22/dT.  Furthermore  (l/e^  )cteg6 /dT 
can  and  should  be  excluded  from  wave  terms  in  Hu 
because  the  existing  temperature  derivatives  of  the 
fundamental  elastic  constants  of  quartz  effectively 
contain  the  small  influence  of  the  temperature  de¬ 
pendence  of  the  piezoelectric  and  dielectric  con¬ 
stants,  which  results  from  the  piezoelectric  stiff¬ 
ening  or  the  waves.  In  addition,  we  ignore  the 
Cv _ v  since  they  are  not  known.  Then  the 
( 1/e  ,•  )dcL, r/dT  that  we  retain  is  not  fundamental 
but  effective1'  .  In  view  of  the  foregoing,  the 
general  electroelastic  perturbation  integral  in 
(2.2)  with  (2.6)  and  (2.7)  may  be  written  in  the 
reduced  form1* 


H„=-  ,P  +  ^SW^.m’v.L 

V 


2c 


m  g  ^  (h  ) 

’•22  °26  1,2  '  * 


1  -  (T  -  T  )d/dT  . 


(5.1) 


(5.2) 


In  (5.1)  the  first  term  under  the  integral  sign  is 
dr v opposed  m  the  original  conventional  coordinate 
system  for  the  SC-cut  because  the  cuY..-  and  ic  v*c 
are  known  in  that  coordinate  system,  while  the 
-  n  1  term  is  decomposed  along  the  eigenvector 
ftiai  f  t he  pure  thickness  solution*  '  .  From  (5.1) 
f  r  *  •  ;oomet ry  shown  in  Fig. 2,  wc  obtain 


‘lx,  ’  !  clX  ■  !  <  -+C)dX3  +  r  •TdX3''. 
o  O  S 

*  ,  '  ”  S  -  C  '  *1 

♦  ■  ix  ••  dx^  +  ••  dX3  !  ,  (5.3) 


5  c  )q“  o‘* 

2b.  M>  :,M  \  ,  L  ’ 


(h) 
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1,2 


(5.4) 


Th*  . .  ,  i  ( '} .  4 )  are  known  as  linear  expressions 
in  i  T  -  T  1  !  rc  *  hr.-  analyses  in  See. 3  and  the 
•  a:vj<  m  tly-  clastic  constants  with  temperature 


2  b'-.  Me, 


(S .  5 ) 


where  the  dc.>(.:  /dT  or-,  obtained  fro:’  the  first 
temperature  derivatives  of  the  fundamental  elastic 
constants  of  quartz  ic,  * s„ /dT  referred  to  the 
principal  axes  by  the  tensor  transformation  relatioi 


d  d  .. 

c  —  a  a  a  a  —  c 
dT  2 Lv  bD  .-E  MF  uCJ  dT  ^bEFG  ’ 


(5.6 ) 


where  the  ,  are  the  matrix  of  direction  cosines 
for  the  transformation  from  the  principal  axes  to 
the  coordinate  system  containing  the  axes  referred 
to  the  electroded  plate.  When  the  conventional 
IEEE  notation’ "  for  doubly -rotated  plates  is 
written  in  the  form  (Y,X,  w,  i ,  r ,  where  ;■  =  0,  the 
rotation  angles  and  6  are  the  first  two  Euler 
angles,  and  for  the  SC-eut  24. 184  ,  ;  =21.93  , 
from  which  the  a, E  can  be  determined'".  Clearly, 
the  transformation  relations  for  the  second  and 
third  order  elastic,  pic-zoo  let* trie  and  dielectric 
constants,  and  coefficient r  of  linear  expansion 
may  be  written  in  the  respective  forms 


c,  =  a  a  a  a  c 
2KLMN  KD  IE  MF  NG 2DEFG 

;K!J-C5\B  ‘  °H)ai£dME,a!CaaHaBl3DEFGKI  ' 

*KLK*  aCTial£aMFCDEr  ’ 

-a  a  ,  u  -  a  a  i 

'XL  KM  LN  MN  KL  KM  LK  KN 


(5.7) 


where  the  tensor  quantities  with  the  upper  cycle 
arc  referred  to  the  principal  axes  of  the  crystal. 


Before  the  temperature  dependence  of  the 
resonant  frequency  o:  a  contoured  SC-cut  quartz 
resonator  can  be  calculated,  the  temperature  de¬ 
pendence  of  c,  .  must  bo  estimated  from  experimental 
data.  This  estimate  has  been  made  using  data'  on 
the  temperature  dependence  of  the  resonant  frequen¬ 
cies  of  both  the  fundamental  and  fifti  harmonic 
overtone  trapped  energy  modes  in  EC-cut  quartz 
plates  with  rectangular  electrodes.  From  the  data 
provided  by  Lukaszck  and  tlx  analysis  we  obtain 
the  estimate . 


{ l/o.. 


10 


(5. 


\ 


Ca  Iculat  j  ons  ha'x  t>;»  a  per:'*  rrx-d  us  a  nq  ihi 
known  va  nos  of  t hi  i  ec«  n.j  order  •;  in st  :  <  .  pier 
elcofi'i.  and  d  i*  lo  *;:i  c  'nri  a.;*  >•  <  f  quartz’  ,  th». 
third  orier  c.  3 a st  i  c*  and  t  h<_  r:vr  Jnst  »  .  net  ants 

of  quai  tz  and  t :  .•  rco'Ut  !y  I  t:-,  mo.-;  :  jrs-t  tempera- 
t  u  r c  dm  va  t  iv^s  . f  t :  *.e  f  i;  nda:  >«  nt  a  1  o  last:  c  c  c  n - 
stants  of  quartz  along  with,  tin  e:d.  o.atc  in 
The  results  of  t.c  mint  i» -ns  aie  presented  m 
Fivjs.3-7.  Figure  ?  fb.cws  th<-  calculated  change  in 
frequency  with  temperature  ».  f  the  EC -cut 
fr=-34.1r4  ,  .  -  21.  >3  )  an  a  font  tu  n  .if  t  :.e 
radius  of  curvature  f ->r  the  mist.  th-id  and  tilth 
harmonics  for  a  normal  t  undamt  n.ta  1  tioqucncy  ot 
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5  MHz,  which  cor rosj »o: ;d:.  to  a  plate  th.ickncss 
2h~  =  .3595  mm.  An  elo-.  t  ;  diameter  2 .  of  4  mm 
is  assumed  unless  .  •Ihorv.'i  s<  urno.:.  The  results 
are  independent  o»'  the  thickness  of  the  electrode 
because  the  ini  le.er.ee  of  flic  i lectrodc  thickness 
is  about  two  orders  of  magnitude  smaller  than  the 
scale  shown  in  the  that  the  curves 

are  asymptotic  t<  val  es  dc  rr  *— «i :»«•:  by  the  elec¬ 
trode  size  :.r  ti.e  part -ally  •  Kotrcdcd  flat  plate 
as  R  be  canes  large.  F  i  gnr.  4  ve  the  same  type 
of  informatics  as  Fig. 3,  but  :er  an  SC-cut  with  a 
nominal  fundamental  freuu.-;v;y  <  f  10  MHz ,  v  ch 
.ickncss  2h.  =  .179  mm. 
and  •!  the  slope  of  the 


corresponds  tc  a  piat 
Note  that  in  both  Fio 


change  in  frequency  due  to  ti.<  presence  of  2000  A 
thick  cold  electrodes1'  for  which  the  actual 
changer  art  shown  in  Fig. 4.  ? mcc  a  portion  of  the 

aging  rate  is  a  result  of  the  relaxation  of  resid¬ 
ual  stress  in  the  electrodes,  the  change  in  fre¬ 
quency  shown  in  Fig. 5  is  the  portion  of  the  actual 
change  m  the  frequency  that  contributes  tc  the 
aging  rate.  Mote  that  the  change  in  frequency  with 
temperature  due  to  the  electrodes  shown  in  Fig. 5 
is  about  two  orders  of  magnitude  smaller  than  the 
actual  change  shown  m  Fig. 4.  Figure  5  shows  that 
the  change  m  frequency  with,  temperature  resulting 
from  the  electrodes  for  the  PC-cut  is  about  one- 
tep.th  of  that  for  the  AT-cut.  thereby  substantiat¬ 
ing  the  fact  that  the  SC-cut.  v:L*.‘.  h -.'/•••  much  better 
aging  characteristics  than  the  SC-cut.  Figure  6 
shows  the  change  m  frequency  with  temperature  vs. 
the  7/h  ratio  for  a  plano-convex  SC-cut  resonator 
with  a  center  thickness  2h  =  .3595  m,  a  radius  cf 
curvature  R=5  cm.  Figure  6  clearly  shews  that  the 
change  m  frequency  with  temperature  is  a  rather 
significant  function  of  the  electrode  configuration 
for  small  i/ h  ratios  and  ;r;  asymptotic  to  different 
values  for  each  harmonic  cf  the  rally  electroded 
contoured  resonator  at  different  *  V.  ratios,  Note 
that  the  overtone*:  arc  asympr.-'t  10  to  their  fully 
electroded  values  at  much  l«,w^r  .Yh  ratios  than 
the  fundamental.  This  •  •  a  result  of  the  fact  that 
the  harmonics  are  much  sharply  confined  tc  the 

center  of  the  plate  ti-.au  the  f undamental .  Finally 
Fig. 7  shows  sc  mi loo  pi  ts  the  rotation  angle  5 
ter  a  f  . xe;i  ar.ulc  .  =  1  ,  u*  f*r  th.o  zero  tempera¬ 

ture  cut  as  a  fun.*  :vn  of  t!  e  r.  alius  of  curvature  R 
for  the  first,  third  a:.l  fifth  harmonics  for  the 
two  different  vali.rs  •  :  -h  r  •  v.dercc!  here. 
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Figure  2  Diagram  of  One  Quadrant  of  the  Equivalent  Trapped 
Engergy  Resonator  Showing  the  Gaussian  Mode  Shape 
for  the  Contoured  Resonator  and  the  Equivalent 
T rapped  Energy  Mode  Shape 


Plono  -  Convex  Resonator 


Figure  1 .  Schematic  Diagram  of  the  Plano  Convex  Resonator 


Figure  3.  Relative  Change  in  the  Resonant  Frequency  per  °K  foi 
a  Plano  Convex  SC  Cut  Quart/  Resonator  as  a  Function 
of  the  Radius  of  Curvature  for  the  Three  Lowest 
Flarmonic  Modes.  The  nominal  Fundamental  Plate 
Frequency  is  5  MH/ 
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Figure  4.  Relative  Change  in  the  Resonant  Frequency  per  °K  for 
a  Plano  Convex  SC  Cut  Quartz  Resonator  as  a  Function 
of  the  Radius  of  Curvature  for  the  Three  Lowest 
H-'-monic  Modes.  The  Nominal  Fundamental  Plate 
Frequency  is  10  MHz. 


Figure  6.  Relative  Change  in  the  Resonant  Frequency  per  °K  for 
the  Three  Lowest  Harmonic  Modes  as  a  Function  of  the 
l/h0  Ratio  for  a  Plano-Convex  SC  Cut  Quartz  Resona 
tor  with  a  Nominal  Fundamental  Plate  Frequency  of 
10  MHz,  R=5  cm  and  2000  A  Thick  Gold  Electrodes 


Figure  7.  Rotation  Angle  8  for  the  Zero  Temperature  Coefficient 
of  F  requency  SC-Cut  for  a  F  ixed  Value  of  F  =  2 1 .93° 
as  a  Function  of  the  Radius  of  Curvature  R  for  Some 
Harmonic  Modes  for  Plates  with  Nominal  Fundamental 
Frequencies  of  Both  5  and  10  MHz. 


Figure  5  Relative  Change  in  the  Resonant  Frequency  per  °K  due 
to  2000  A  Thick  Gold  Electrodes  for  a  Plano  Convex 
SC  Cut  Quartz  Resonator  with  a  Nominal  Fundamental 
Plate  Frequency  of  10  MHz  as  a  Function  of  the  Radius 
of  Curvature  for  the  Lowest  Three  Harmonic  Modes 
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%/  SUMMARY 

rslng  low  growth  rates  and  high  purity  nu¬ 
trient,  high  purity  quartz  can  be  produced  without 
the  use  of  a  liner.  The  most  promising  synthetic 
seed  material  found  thus  far  is  from  the  X  growth 
tre.i  of  the  crystal.  The  Q  of  the  X  seed  crystals 
appears  to  ho  over  2  million. 

A 

\ 

INTRODUCTION 

The  hydrothermal  system  at  RADC  has  been  In 
oner -it  ton  f  >r  about  two  years.  During  this  time 
rhe  primary  emphasis  has  been  on  the  growth  of 
high  purity  quartz  with  a  minimum  number  of  de¬ 
tects  bus.*d  on  rhe  assumption  that  a  high  purity 
defect  free  material  may  have  superior  character¬ 
istics  for  frequency  and  time  applications.  The 
initial  emphasis  has  been  on  the  production  of 
orvstils  with  low  aluminum  concentration.  In  this 
phase  it  was  determined  that  quartz  crystals  with 
an  1  lan I  nun  concent  rat  Ion  of  about  a  part  per 
•nil l Ion  could  he  reproduclblv  grown  using  high 
puritv  nutrient  in  silver  lined  autoclaves,  about 
three  times  less  aluminum  than  in  unlined  auto¬ 
claves.  This  study  has  been  with  hydroxide  miner¬ 
alizer  with  growth  rates  between  ten  and  forty 
mils  per  day:  More  recently,  we  have  been  study¬ 
ing  the  effects  of  defects  on  the  seed  on  disloca¬ 
tion  density.  We  have  also  been  continuing  work 
on  the  purity  of  synthetic  quartz. 

PURIFICATION 

As  stated  in  the  paper  we  gave  last  year*,  we 
can  routinely  produce  synthetic  quartz  with  an 
aluminum  content  of  approximately  one  part  per 
million  (itomlc).  Two  methods  of  analysis  are 
used,  itonic  absorption  and  electron  spin  reso¬ 
nance  .  Tne  results  of  a  comparison  botwet?n 
those  methods  Is  shown  on  Figure  1.  All.  of  these 
results  were  obtained  for  crystals  grown  In  silver 
liners  and  only  those  crystals  which  were  rela¬ 
tively  pure  in  terms  of  aluminum  are  shown  here. 
The  I  i f i ere nee  between  the  two  methods  is  usually 
within  a  part  per  million,  as  shown  on  the  third 
line  of  the  Figure.  Since  EPR  measures  only  sub¬ 
stitutional  ilumlnun  while  atomic  absorption 
measures  total  a  inn l nun,  it  appears  that  essen¬ 
tially  all  the  aluminum  Is  subst itut Iona l ly  hound 
in  the  lattice.  Otherwise  the  atom!  *  absorption 


values  would  be  significantly  higher  than  the  EPR 
results.  We  are  also  trying  to  compare  the  ”oxine" 
method  for  aluminum  with  these  results.  This 
method  is  used  in  Japan  for  aluminum. 

We  have  also  continued  our  study  on  the  use  of 
noble  metal  liners.  Because  of  mechanical  problems 
with  platinum  liners  we  have  concentrated  on  silver 
during  this  time.  Figure  2  shows  a  comparison 
between  a  number  of  runs  in  silver  liners  compared 
to  several  unlined  runs.  These  results  are  by 
atomic  absorption  since  we  are  interested  in  other 
elements  aside  from  aluminum.  The  arithmetic 
average  of  the  most  pertinent  Impurities  is  shown 
near  the  bottom  of  the  Figure.  Two  pieces  of 
information  can  be  derived  from  the  Figure.  First, 
the  amount  of  aluminum  is  about  three  times  greater 
in  the  case  of  the  unlined  runs  than  in  the  silver 
lined  runs.  What  we  believe  is  the  source  of  this 
impurity  will  he  discussed  shortly.  The  second 
conclusion  from  the  analytical  results  is  the  low 
impurity  concentration  of  the  other  elements  deter- 
nined.  With  the  possible  exception  of  lithium  in 
the  unlined  run,  most  elements  aside  from  aluminum 
are  present  in  only  small  amounts.  The  source 
of  the  lithium  is  not  due  only  to  lithium  hy¬ 
droxide  addition  to  the  mineralizer  since  it  was 
also  added  to  the  runs  in  the  silver  liner.  We 
did  expect  a  higher  iron  concentration  In  the 
unllned  runs,  but  it  Is  not  indicated  by  the 
data. 

We  had  previously  performed  some  measure¬ 
ments  on  the  metals  exposed  to  the  mineralizer 
during  the  run  using  El) AX  which  is  at  best  a 
semi  quant  i  tat  ive  tool.  Sever.il  materials  were 
analyzed  using  atomic  absorption.  It  was  found 
that  the  holder  material,  used  to  support  the  seed 
and  baffle,  contained  about  400  ppna  of  aluminum. 

We  replaced  this  holder  with  a  holder  formed  from 
silver.  Tie  aluminum  results  are  shown  in  Figure 

I  where  they  are  compared  with  the  average  value 
for  lined  and  unllned  runs.  Since  the  purity  in 
this  case  is  comparable  to  that  of  lined  runs,  it 
appears  t**:t  the  use  of  a  silver  liner  does  not 

vo  the  aluminum  purity.  In  small  autoclaves 
It  is  use ful  however,  sine-  it  is  easier  to  clean 
the  liner  than  the  uni i nod  autoclaves.  We  are 

I I  so  analyzing  the  “liquid  moly",  used  as  a  lubri¬ 
cant  in  the  autoclaves,  hut  this  analysts  has  not 
been  obtained. 
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In  imr  jii'i-vi  ms  paper  .it  this  conference ^ , 
we  reported  a  si^nit  i^.mi  r  ite  of  transport  of 
silver  when  we  grew  crystals  using  carbonate  in 
a  silver  liner.  We  felt  that  this  might  be  part¬ 
ly  due  to  oxygen  In  the  syst.n  since  we  had  made 
no  attempt  to  eliminate  oxygen  during  the  run. 

V.'e  therefore  tried  a  run  using  high  purity  sili¬ 
con  idded  to  the  charge  to  scavange  the  oxygen 
f  ron  the  svsien.  Al  ter  the  run  there  were  no 
needles  of  stiver  In  the  autoclave  which  had 
been  observed  in  the  other  carbonate  runs.  The 
crystal  however,  cleaved  easily  along  the  seed 
indicating  a  high  degree  of  strain.  The  silver 
conceit  rat  ion  in  the  crystal  was  quite  low  however 
.is  is  shown  li  Figure  a. 

In  an  attempt  to  scavange  or  neutralize  the 
a  1  uni  sum,  we  added  a  sin  til  amount  of  phosphoric 
acid  to  one  experiment.  The  premise  in  this  case 
was  that  the  phosphate  might  help  complex  alumi¬ 
num  in  the  solution  or  might  alter  the  aluminum 
in  the  growing  crystal  since  the  phosphate  might 
help  make  the  defect  elotrlcally  neutral,  thus 
lowering  the  concentration  of  Croup  one  impuri¬ 
ties  in  the  crystal.  The  results  shown  in 
Figure  5  indicate  both  a  higher  aluminum  and 
sodium  concent  rat  ton.  Thus,  the  addition  of 
phosphate  was  detrimental  to  the  crystal.  EPR 
results  indicated  that  all  the  aluminum  present 
was  in  defects  of  the  same  type  as  produced  In 
normal  quartz  runs. 

We  reported  last  year  that  crystals  grown 
from  high  purity  sand  contained  large  amour ts  of 
aluminum,  the  source  of  which  was  unknown.  Since 
then,  as  previously  mentioned,  we  have  found  a 
significant  aluminum  content  in  the  baffle  holder 
material.  This  is  not  the  only  source  however. 

In  Figure  b,  we  show  the  previous  results  using 
the  purified  sand,  with  a  n.l  N  sodium  hydroxide 
mi ncra 1 Izer.  We  also  performed  a  run  using 
ground  cultured  quartz  as  the  nutrient  with  all 
other  run  conditions  the  same.  There  is  a  con¬ 
siderable  decrease  in  the  aluminum  content  of  the 
resulting  crystal  which  would  not  be  the  case 
If  all  the  aluminum  was  coming  from  the  holder 
which  was  the  same  In  both  experiments.  Thus, 
some  of  the  aluminum  in  the  crystal  must  come 
from  the  sand.  In  this  pure  sand  there  are 
numerous  grain  boundaries,  which  contain  feldspar 
(aluminum  silicates),  tills  would  be  more  soluble 
than  quart?  and  preferentially  dissolve  during  a 
run^.  It  is  suspected  that  this  is  the  source  of 
additional  aluninun.  The  low  concentration  of 
hydroxide  used  In  this  run  however,  does  seem 
detrimental  to  the  quality  of  the  crystal  The 
list  line  on  the  Figure  gives  the  value  of  the 
analysis  for  i  run  at  0.5  N’  NaOH.  The  aluminum 
content  is  lower  by  an  order  of  magnitude. 

“Pie  effect  >f  seasoning  a  silver  liner  by 
performing  a  series  of  runs  In  the  same  liner  has 
also  been  investigated.  Tn  results  are  shown  In 
Figure  7  f,,r  a  liner  use!  in  a  series  of  0.5  \' 

NaOM  runs.  It  appears  that  the  first  cun  produces 
a  crystal  of  higher  aluminum  concent  rat  Ion  and 
possibly  the  first  throe  runs  are  more  contam¬ 
inated.  After  that  there  does  not  seem  to  be 


any  significant  change  in  the  aluninun  concent  ra¬ 
tion.  We  have  also  experimented  with  the  effect 
of  growth  rate  on  aluninun  impurity  in  the  crystal. 
Tile  results  for  a  series  >f  un lined  runs  »ro  shown 
on  Figure  8.  In  this  case  we  took  the  atonic 
absorption  values.  From  this  Figure,  it  cun  been 
seen  that  the  lowest  aluninun  concent  rat  ion  for 
our  experimental  conditions  is  produced  at  a  low 
growth  rate,  below  twenty  to  twenty-five  mile  per 
day.  The  open  circle  at  a  growth  rate  below  re  i 
ails  per  day  is  the  experiment  rising  a  silver 
holder  rather  than  the  impure  h alder  used  in  the 
other  runs  shown  on  the  Figure. 

IMPERFECTIONS 

Efforts  are  underway  to  reduce  the  number  uf 
dislocations  in  the  grown  crystal  by  reducing  the 
number  of  defects  In  the  seed.  This  has  been  done 
by  using  select  natural  crystals"*,  but  it  would  bo 
more  economical  If  a  technique  could  he  found 
using  synthetic  material.  We  have  tried  several 
techniques  including  etching  and  sweeping  of  the 
seed  as  well  as  the  use  of  seeds  fabricated  from 
the  X  growth  area.  Dislocations  in  this  area  do 
not  propagate  In  the  Z  direction  but  tn  a  direct¬ 
ion  at  a  low  angle  to  the  Z  face.  Thus  disloca¬ 
tions  from  these  seeds  might  propagate  away  from 
the  growing  direction  and  out  of  the  crystal. 
Sweeping  the  seed,  either  in  air  or  moderate 
vacuum,  did  not  decrease  the  dislocation  density. 

In  this  case  we  intentionally  used  a  poor  quality 
seed  since  a  decrease  in  dislocations  would  be 
more  easily  observed.  The  top  two  topographs  in 
Figure  9  show  the  results  for  the  samples  swept 
in  air  and  vacuum.  The  topographs  of  crystals 
grown  from  unswept  seeds  are  similar.  We  have 
not  improved  the  dislocation  density  as  yet  by 
etching  the  seed,  but  these  studies  are  contin¬ 
uing.  As  might  be  expected,  the  use  of  a  Z  face 
seed  culled  from  the  X  growth  area  did  result  in 
a  lower  dislocation  density  in  the  crystal.  The 
bottom  topograph  on  the  figure  shows  the  low  dis¬ 
location  material  produced  from  an  X  growth  seed. 
This  is  somewhat  misleading  since  the  while 
crystal  is  not  shown  and  there  were  some  disloca¬ 
tions  produced  by  the  cutting  of  the  seed.  The 
analytical  results  for  a  sample  grown  from  this 
type  seed  are  shown  in  Figure  10,  where  they  are 
compared  with  the  average  impurity  on  silver  lined 
runs.  The  material  is  at  least  as  pure  as  mater¬ 
ial  grown  from  other  seeds.  This  result  must  be 
regarded  as  preliminary  however,  since  it  is 
based  on  a  single  analysis.  A  semiquant  1  tat  We 
measurement  of  the  optical  ')  indicates  a  value  of 
Q  equal  to  2.3  million.  Preliminary  etching  stu¬ 
dies  on  the  X  seed  crystals  indicate  a  lower  value 
for  the  dislocation  density.  A  Z  seed  crystal  in 
the  same  autoclave  had  an  average  density  of  5*i 
to  57  channels  per  square  cm,  while  the  X  seed 
crystal  density  was  17  to  23  per  square  cm.  The 
average  value  Includes  the  :rystal  over  the  seed 
area  with  saw  damage,  which  Increased  the  disloca¬ 
tion  density.  In  areas  a wav  from  this  damage,  the 
density  was  about  3  per  square  -entlmetcr.  These 
studies  are  being  continued  a no  we  will  -eport  on 
this  more  extensively  when  we  1  we  eu'  '  ned  a 
larger  number  of  samples. 
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Figure  2.  Comparison  on  Silver  Lined  and  Unlined  Runs 
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EFFECT  OF  SILVER  HOLDER  ON  ALUMINUM  CONCENTRATION 

ALUMINUM  (PARTS  PER  MILLION  ATOMIC) 

SILVER  LINER  (AVERAGE) 

2.  9 

UNLINED  (AVERAGE) 

8 

SILVER  HOLDER 

1.  9 

Figure  3.  Results  using  Silver  Holder 


CARBONATE  RUNS  IN  SILVER  LINERS 

AL  FE  LI  NA  K  AG 
STANOARD  10  —  7  42  —  18 

KITH  SILICON  9  0.9  3  2B  B.  5  0.5 

Figure  4.  Effect  of  Silicon  Addition  to  Carbonate  Run 

EFFECT  OF  PHOSPHORIC  ACID  ON  PURITY  (PARTS  PER  MILLION  ATOMIC) 

A1  Fm  Li  No  K  A1  (EPR) 

PREVIOUS  RUN  5. 4  2. 2  1  1.3  *1  0.8 

PHOSPHATE  RUN  (AA>  17  4  5  5  <0. 5  0.9 

Figure  5.  Effect  of  Phosphate  Addition  to  Mineralizer 
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IMPURITIES*  IN  QUARTZ  GROWN  IN  0.  1  N  NaOH 
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Figure  6  Runs  at  Low  Hydroxide  Concentration 


EFFECT  OF  SEASONING  ON  ALUMINUM  CONCENTRATION 

NUMBER  OF  RUNS 

IN  LINER  123456 


ALUMINUM  BY  AA  15  13  17  5. 4  1  5 

ALUMINUM  BY  EPR  16.4  0.9  0.8  1.7  0.7  3.3 


CONCENTRATIONS  IN  PPMA 

Figure  7.  Effect  of  Liner  Seasoning  on  Aluminum  Content 
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PURITY  OF  CRYSTALS  WITH  X-GROWTH  SEEDS  (AA-PPMA) 


M  F.  Li  No  K 

Z  SEEO  2.  9  1.3  1.2  1.5  1. 2 

X  SEED  5  <1.  t>*  -  0.  5  11  0.  6 


•  A1  by  EPR 

Figure  10.  Purity  of  Material  Grown  from  X-Area  Seed 
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Abstract 

n. 

Quartz  crystals  have  been  grown  which  have  a 
purity  and  crystalline  perfection  significantly  in 
advance  of  any  quartz  that  is  produced  commercially 
today . 

The  crystals  produced  were  approximately 
50  ns  x  50  nms  in  area  and  were  30  ms  thick  in 
the  growth  direction.  The  total  metal  ion  con¬ 
centration  was  less  than  1  ppm,  with  an  aluminium 
content  of  less  than  0.1  ppm.  The  crystalline  per¬ 
fection  is  demonstrated  by  a  dislocation  density  of 
s  10  lines  per  cin^ 

*1  ‘  Introduction 

Recently,  a  requirement  has  arisen  for  syn- 
tnetic  quartz  of  a  quality  superior  to  that 
currently  available  commercial ly .  This  high  quality 
quartz  is  needed  for  several  purposes.  For  example 
it  allows  the  role  of  the  material  in  the 
variability  in  performance  of  piezoelectric  devices 
*■"  be  determined.  It  is  also  essential  for  the 
development  of  high  frequency  high  stability 
devices  especially  those  required  to  be  stable 
under  high  fluxes  of  ionising  radiation.  It  was  in 
response  to  these  needs  that  the  present  work  was 
undertaken.  The  two  aspects  of  quartz  crystal 
growth  that  have  received  attention  have  been  that 
of  reducing  the  metal  ion  impurities  in  the 
crystals  to  a  minimum  and  that  of  reducing  the  dis¬ 
location  density  to  a  very  low  level.  The  growth 
of  quartz  with  a  very  low  level  of  dislocations  has 
been  reported^  but  this  low  defect  level  has  not 
been  realised  in  crystals  of  high  purity. 

2  Growth  procedure 

2. 1  Auto  claves 

The  autoclaves  used  were  of  63  m  bore  and 
3QQ  m  in  length.  The  internal  surfaces  were 
coated  wito  gold  by  electrodeposition  to  prevent 
contamination  of  the  growth  solution.  Baffles  and 
seed  supports  were  either  of  platinum  or  gold 
plated  silver. 


2.2  Nutrient 

Most  of  the  impurities  in  synthetic  quartz  are 
transferred  to  the  crystal  from  the  nutrient  which 
usually  consists  of  crushed  natural  quartz.  To 
avoid  contamination  by  this  mechanism,  high  purity 
fused  silica  was  used  as  the  source  of  the 
nutrient.  The  direct  use  of  silica  in  its  glassy 
state  is  not  possible  since  its  solubility  in  the 
growth  solution  is  much  higher  than  that  of 
n-quartz.  Consequently  very  rapid  deposition  of 
quartz  occurs  during  the  initial  growth  period 
resulting  in  a  highly  strained  layer  next  to  the 
seed.  To  overcome  this  problem,  the  silica 
nutrient  was  converted  to  i-quartz  by  heating  in 
the  autoclave  for  24  hours  under  normal  operating 
conditions.  After  conversion  of  the  silica,  the 
seeds  were  inserted  into  the  autoclave  and  a  normal 
growth  run  was  carried  out. 

2.3  Growth  solution  and  condit i ons 

High  purity  sodium  hydroxide  (Aristar  grade, 
BDH  Ltd)  and  double  deionised  water  were  used  to 
make  up  the  growth  solution. 

A  concentration  of  0.1  M  sodium  hydroxide  was 
used  for  the  conversion  of  the  silica  nutrient  in 
order  to  prevent  excessive  spontaneous  nucleation 
on  the  autoclave  walls.  A  1.25  M  solution  con¬ 
centration  was  used  for  growth  of  crystals. 

The  conditions  for  growth  were  as  follows: 

Base  temperature  400°C 

Temperature  gradient  45°C 

Pressure  1,500  atmospheres 

A  relatively  low  pressure  was  employed  due  to 
a  pressure  limitation  on  the  autoclaves. 

2.4  _ Seeds 

Since  the  essence  of  producing  crystals  with  a 
very  low  dislocation  density  is  the  use  of  !nw  dis¬ 
location  density  seeds,  particular  care  was  taken 
in  the  present  work  over  seed  selection  and 
preparation. 
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A  further  of  high  quality  natural  quartz 
crystals  were  cut  Into  1  run  thick  plates  of  basal 
orientation.  These  plates  were  examined  by  trans¬ 
mission  X-ray  topography  to  select  areas  of  very 
low  dislocation  density  and  these  areas  were  used 
for  seeds.  The  seed  surfaces  were  prepared  by 
Sytoo  polishing,  followed  by  a  brief  etch  In  40%  HF 
solution.  X-ray  topography  was  used  to  ensure  all 
cutting  damage  had  been  removed  from  the  seed 
surfaces. 

In  some  cases  second  generation  high  purity 
crystals  were  grown  on  seed  plates  cut  from  first 
generation  high  purity  crystals. 

3  Assessment 

3.1  Purity 

Samples  of  several  crystals  were  submitted  for 
examination  by  mass  spectrometry  with  levels  of 
aluminium  and  iron  also  determined  by  atomic 
absorption  techniques.  The  results  from  a  typical 
crystal  are  compared  below  with  an  analysis  of  the 
silica  from  which  the  crystal  was  grown. 

Mass  spectroscopy  results 


All  figures  are  ppm  weight. 


El ement 

Starting  silica 

Crystal 

{LHPQ  20) 

Zn 

0.3 

<0.02 

Cu 

0.07 

<0.01 

Fe 

1.5 

<0.08 

Mn 

0.01 

<0.005 

A1 

3 

<0.05 

Ge 

0.2 

n.d. 

,  <0.005 

Au 

n. 

d.  <0.005 

0.01 

pt 

n. 

d.  <0.005 

0.01 

The  following  elements 

were  not  detected  above 

the 

indicated  maximum  instrument  sensit 

;ivity  levels 

in  e 

ither 

si  1  ica  or  crystal : 

Ca  <0 

.1 

ppm  K  <0. 

3 

PPm 

W  <0 

.05 

Na  <0. 

5 

" 

Sn  <0 

.03 

" 

Ba.Sb 

,Cr 

<0.01 

V.Ag.i 

lo.Ni 

<0.005 

" 

The  result 

s  obtained  by 

atomic  absorption 

techniques 

were 

as  indicated 

below : 

Sil 

ica 

Crystal 

(LHPQ  20) 

Fe 

2.0 

PPm 

0 

.05  ppm 

A! 

Q.5 

PPm 

0 

.03  ppm 

3.2 

Infra 

-red 

exanunat  i on 

Recent  research  has  suggested?  that  there  is  a 
direct  correlation  between  radiation  hardness  and 
aluminium  content.  An  assessment  of  the  level  of 
substitutional  A1  present  in  the  crystals  was  made, 
by  the  measurement  of  infra-red  ahsorption  at 


77°K,  of  the  A1-0H  centres  formed  on  Irradiation. 

Typical  values  of  aluminium  content  deduced 
from  these  measurements  are  as  follows: 

_A1 _ l_evel_ 

0.020  ppm 
0.005  ppm 
0.052  ppm 
not  detectable 

An  assessment  of  the  mechanical  1 Q 1  of  the 
quartz  was  made,  by  measurement  of  the  room  tempe¬ 
rature  infra-red  absorption  at  3500  and  3410  cm*?, 
and  the  following  results  were  obtained. 


Sampl  e 

Growth  rate 
mm/si de/day 

MQ 

3500  cm- 1 

MQ 

3410  cm* 1 

LHPQ  7 

0.35 

2.3  x  10® 

2.4  x  10® 

LHPQ  9 

0.28 

2.5  x  10® 

2.7  x  10® 

LHPQ  17 

0.27 

2.1  x  10® 

1.9  x  10® 

LHPQ  20 

0.16 

2.6  x  10® 

3.2  x  10® 

Structural  evaluation 

Sections  were  cut  through  the  seed  and 
overgrowth  of  several  of  the  crystals  and  examined 
by  transmission  X-ray  topography.  Figure  1  shows  a 
MoKa  1120  topograph  of  a  1  mm  thick  <1010>  slice 
from  a  typical  crystal.  The  topograph  clearly 
demonstrates  that  the  dislocation  density  is  at  a 
very  low  level.  All  of  the  dislocations  can  be 
shown  to  be  of  the  edge  type?  and  to  have 
originated  at  the  seed-overgrowth  interface  or  to 
have  propogated  from  the  seed.  Those  dislocations 
which  in  Figure  1  give  the  appearance  of 
initiating  in  the  overgrowth  can  be  shown  to  have 
Titered  the  slice  from  the  adjacent  parts  of  the 
crystal.  No  evidence  of  dislocation  generation  at 
inclusions  has  been  recorded.  The  seed  plates  were 
selected  to  contain  very  few  dislocations  but  are 
rendered  visible  in  the  topograph  by  virtue  of  the 
contrast  from  growth  striations,  from  precipitates 
and  to  a  lesser  extent  from  the  lattice  parameter 
mismatch  with  the  overgrowth  as  a  consequence  of 
the  higher  impurity  content  of  the  natural 
crystal . 

When  a  seed  was  cut  from  one  of  the  pure 
crystals,  the  contrast  between  the  seed  and  the 
overgrowth  disappeared  as  illustrated  in  Figure  2. 

A  further  feature  of  the  X-ray  topographs  of 
the  pure  crystals  is  the  absence  of  growth  see  >r 
boundary  contrast.  This  nay  be  attributed  to  a  low 
level  of  segregated  impurity  elements  in  the  'X' 
growth  sectors  leading  to  a  minimal  amount  of 
lattice  mismatch  strain  at  the  sector  boundaries. 

In  Figure  3,  a  topograph  of  a  slice  of  commercial 
quartz,  the  boundaries  between  the  Z  and  X  growth 
sectors  are  prominent  contrast  features.  Figure  4 
is  a  topograph  of  a  slice  from  a  pure  quartz 
crystal.  The  seed  used  for  the  growth  of  this 
particular  crystal  was  commercial  synthetic  quartz 


LHPQ  9 
LHPQ  13 
LHPQ  17 
LHPQ  20 
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and  ire  tile  >1  i  il  neat  1  on  content  of  tne  ‘Z* 

iruwth  sector  is  relatively  high.  However,  the 
growth  sector  boundaries  are  poorly  defined  par¬ 
ticularly  between  the  Z  and  fast  X.  It  will  be 
noted  tnat  the  fast  'X'  growth  sector  itself  lacks 
growth  striation  contrast  and  the  only  dislocations 
present  originate  from  the  edge  of  the  seed 
plate. 

Hi s cession 

The  [iresent  work  has  produced  single  crystal 
quartz  with  some  unique  features  which  make  it  of 
interest  both  in  terns  of  practical  use  and  as  a 
vehicle  for  further  study  of  n-quartz. 

A  major  practical  incentive  for  the  growth  of 
the  crystals  was  the  provision  of  quartz  for  the 
construction  of  very  stable  piezoelectric  devices. 
The  purity  levels  that  were  achieved  were  indeed 
sufficient  to  endow  devices  made  from  the  crystals 
with  a  degree  of  radiation  hardness,  as  reported  in 
another  paper  presented  at  this  Conference^.  the 
relation  between  purity,  defect  content  and 
stability  of  piezoelectric  performance  in  the 
absence  of  ionising  radiation  is  less  well  defined 
but  in  critical  situations  where  frequency 
stability  is  of  paramount  importance  the  use  of 
pure  quartz  is  most  desirable. 

One  interesting  possibility  which  arises  as  a 
consequence  of  the  high  purity  of  the  crystals  is 
that  growth  zone  boundaries  may  not  be  as  damaging 
to  piezoelectric  performance  as  they  are  at  normal 
impurity  levels.  The  indications  are  that,  in  the 
absence  of  significant  impurity  segregation,  these 
regions  are  relatively  strain  free  and  therefore 
the  inclusion  of  part  of  such  a  boundary  in  a  wafer 
would  not  necessarily  degrade  piezoelectric  per¬ 
formance.  In  a  similar  vein,  the  seed-overgrowth 
interfaces  in  the  high  purity  crystals  grown  on 
high  purity  seed  plates  were  also  virtually 
featureless  on  X-ray  topographical  inspection  and 
it  is  conceivable  that  wafers  cut  to  include  part 
of  the  seed  plate  would  perform  in  an  acceptable 
manner. 

The  very  low  dislocation  content  of  the 
crystals  may  also  have  repercussions  in  terms  of 
the  mechanical  behaviour  of  the  quartz  during  wafer 
preparation.  In  the  fabrication  of  high  frequency 
bulk  wave  devices,  wafers  which  are  of  the  order  of 


SO  am  thick  nust  undergo  various  stages  of 
polishing  and  handling  which  result  in  breakage  at 
a  significant  level.  It  would  be  anticipated  that 
pure,  low  defect  content  crystals  would  have  some 
advantage  in  respect  of  their  response  to  such 
mechanical  operations  since  the  number  and  seventy 
of  the  stress  raises  in  the  crystal  should  be 
reduced.  Difficulties  due  to  'punch  through’  of 
thin  wafers  on  etching  are  also  likely  to  he 
reduced  due  to  the  absence  of  dislocation  'bundles' 
running  through  the  thickness  of  the  wafer. 

In  the  sphere  of  research,  the  purity  of  the 
crystals  combined  with  their  perfection,  will  allow 
some  of  the  intrinsic  properties  of  i-quartz  to  be 
studied.  For  example,  such  parameters  as  lattice 
constants  and  elastic  constants  are  influenced  in  a 
complex  way  by  the  presence  of  impurities  and 
therefore  a  high  purity  material  is  needed  to 
establish  their  intrinsic  values.  The  intentional 
doping  of  the  pure  crystals  with  single  impurity 
elements  also  becomes  possible  and  therefore  the 
effect  of  individual  impurities  on  growth 
mechanisms  and  on  physical  properties  can  be  re¬ 
solved.  Some  insight  into  the  interaction  of 
impurity  induced  strain  and  dislocation  structure 
has  already  been  obtained  from  the  study  of 
topographs  and  the  greatly  simplified  pattern  of 
defects  in  the  pure  crystals  is  likely  to  prove  a 
fruitful  field  for  future  work. 
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Figure  1.  1 120  Topograph  of  <1010>  Slice  of  High  Purity 

Quartz  Grown  on  a  Natural  Seed 


Figure  3.  1 120  Topograph  of  <1010>  Slice  of  Commercial 

Quartz 


Figure2.  1 1 20  Topograph  of  <  1010  >  Slice  of  High  Purity 
Quartz  Grown  on  a  High  Purity  Seed 


Figure  4.  1 120  Topograph  of  <  1010>  Slice  of  High  Purity 

Quartz  Grown  on  a  Commerical  Quartz  Seed 
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Abstract 


Radiation  effects  in  synthetic  and  high 
purity  synthetic  quartz  are  examined  in  a  research 
programme  at  the  GEC  Hirst  Research  Centre,  Wembley 
England.  Low  temperature  infrared  absorption, 
electron  spin  resonance  (ESR)  and  variable  temp¬ 
erature  acoustic  loss/crystal  parameter  measurement 
are  used  in  a  study  of  radiation  induced  defects  in 
quartz  and  their  interaction  with  device  properties 
with  the  goal  of  developing  radiation  hardened 
quartz  crystals. 

InYrared  absorption 


Five  grades  of  quartz  (one  natural ,  three 
ordinary  and  one  high  purity  synthetic)  were 
examined  in  a  study  of  the  effects  of  irradiation 
and  sweeping  on  their  low  temperature  infrared 
absorption.  Six  additional  samples  of  high  purity 
quartz  were  also  examined  as  received  (at  room 
temperature  and  77  K)  and  following  irradiation. 
The  aims  of  this  work  included: 


(i)  measurement  of  the  (substitutional )  A1-0H- 
content  following  irradiation  in  natural, 
synthetic  and  high  purity  quartz  and  com¬ 
parison  with  the  total  aluminium  content  as 
determined  by  atomic  absorption  and  mass 
spectroscopy. 

(ii)  measurement  of  the  ratio  of  A1-0H*  to 

Al-hole  centre  formation  following  irradia¬ 
tion. 

(iii)  examination  of  the  effects  of  irradiation 
and  sweeping  on  the  individual  OH"  and 
A1 -OH-  bands. 

(iv)  examination  of  the  A1-0H"  content  of 

different  growth  regions  in  high  purity 
quartz. 

(v)  investigation  of  the  relationship  between 
OH"  content,  estimated  mechanical  0  and 
growth  rate  in  high  purity  quartz. 

The  synthetic  quartz  samples  were  Z  slices, 
approximately  13  x  13  x  4  mm.  The  natural  specimen 
was  considerably  thinner  due  to  its  much  greater 
impurity  content  (approximately  65  ppm  A1 ) .  The 
samples  included  an  experimental  Salford  Electrical 
Instruments!  (SEI)  specimen  (about  15  years  old),  a 
slow  grown  synthetic  Russian  (RUS)  specimen,  a 


specimen  from  a  small  demonstration  bar  (DEM)  of 
synthetic  material  and  a  specimen  of  high  purity 
synthetic  quartz  (LHPQ  13),  grown  at  the  Hirst 
Research  Centre.  The  samples  were  chosen  to  give  a 
wide  range  of  OH"  and  A1-0H"  centre  concentrations 
for  comparison  under  the  different  treatments.  The 
infrared  measurements  were  made  at  77  K  in  an  eva¬ 
cuated  cryostat  with  IR  vitreosil  windows  using  a 
Nicolet  7199C  Fourier  Transform  Infrared  Spectro¬ 
meter.  A  background  spectrum  of  an  evacuated 
cryostat  without  a  sample  present  was  always  sub¬ 
tracted  from  the  measured  spectrum. 

The  various  (as  yet  unassigned)  OH'  bands 
occur  in  quartz  at  nominally  3580,  3437,  3400  and 
3348  cm-1  2-8.  The  A1-0H"  bands  occur  at  nominally 
3367  and  3306  cm-1.  Additional  bands  occur  on 
either  side  of  the  3580  cm-1  band  and  these  are 
included  in  the  overall  estimation  of  the  '3580' 
cm"l  band  as  shown  in  the  figures.  The  3580  cm-1 
band  itself  is  split  into  three  overlapping  bands 
following  irradiation  in  high  purity  quartz. 

The  OH-  and  A1-0H"  centre  concentrations  have 
been  determined  from  the  area  under  the  absorption 
peaks  using  the  relationship  proposed  by  Kats‘. 
Using  the  area  is  more  accurate  than  measuring  the 
peak  height  and  assuming  a  peak  width  and  shape 
factor, 

Nh  =  Z.  16  X  1016  Han,  cm*3  (1) 

(assuming  gaussian  shape  and  p  =  0.43) 
working  backwards, 

Nh  «  2.03  x  10l6  x  Area  under  peak  cm-3  (2) 
thickness  in  cm 

and  1  ppm  (Si)  =  2.657  x  inl8  cm-3  (3) 

Figure  1  shows  the  77  K  infrared  absorption 
spectrum  of  Russian  synthetic  quartz  before  and 
after  x-i rradiation.  Figure  2  shows  a  comparison 
between  the  Russian  and  high  purity  (LHPQ  20)  syn¬ 
thetic  quartz  as  received.  (The  absorbance  scales 
are  different  but  the  plots  hav}  been  scaled  on  the 
heights  of  the  intrinsic  bands  to  provide  a  valid 
compari son) . 
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The  overall  behaviour  of  the  AT -OH"  (sum  of 
3 3ft 7  and  3306  cra-1) ,  other  OH-  (sum  of  '3580', 

3437,  3400  and  3348  cm-1)  and  total  OH*  (sum  of 
Al -OH-  and  other  0H-)  centres  as  a  function  of 
treatment  Is  shown  In  Figure  3.  The  measurements 
were  made  as  received,  following  x-lrradlatlon 
(85  kv,  35  mA,  half  an  hour)  then  following 
sweeping  (In  air,  24  hours,  500V,  550°C)  and 
finally  following  re-1 rradl atlon.  The  major 
results  are: 

(1)  the  A1-0H-  centre  clearly  grows  at  the  ex¬ 
pense  of  the  other  OH"  centres,  but  the 
total  OH-  content  grows  at  each  step  In- 
Indicating  a  source  of  hydrogen  within  the 
crystal . 

(11)  the  A1-0H-  centre  decreases  upon  sweeping 
which  Is  not  expected  on  the  basis  of  the 
currently  understood  model6-9,  unless  the 
sweeping  was  Incomplete. 

(iii)  the  high  purity  material  has  an  Infinite- 
ismal  A! -OH"  content  (0.005  ppm)  and  a  very 
low  OH-  content  (1.124  ppm). 

Figure  4  shows  the  individual  OH"  band  con¬ 
centrations  as  a  function  of  treatment  and  illus¬ 
trates  the  growth  of  the  bands  at  '3580'  cm"l  at 
each  step  in  high  purity  material .  Figure  5 
examines  the  inter  OH-  band  ratios  as  a  function  of 
treatment  and  highlights  the  relative  growth  of  the 
'3580'  cm*l  bands  and  relative  decline  of  the  3437 
cm-1  hand  in  high  purity  material  following 
irradiation.  This  is  the  opposite  behaviour  to 
that  exhibited  by  ordinary  synthetic  quartz. 


Six  high  purity  quartz  specimens  were  examined 
in  total  (LHPQ  7(1),  9(1),  13(1),  17(1),  17(2), 
17(3)  and  20(1).  LHPQ  7(1)  and  9(1)  were  initially 
Irradiated  to  determine  the  aluminium  content  (see 
Table  1).  LHPQ  13(1)  formed  part  of  the  com¬ 
parative  Irradiation  and  sweeping  study.  LHPQ 
17(1),  (2)  and  (3)  were  cut  from  the  Z,  Fast  X  and 
Minor  R  growth  regions  respectively  and  were 
examined  to  determine  the  aluminium  content  In  the 
different  growth  zones.  LHPQ  20(1)  was  a  very  low 
growth  rate  specimen  (0.16  mm/slde/day) .  The  77K 
Infrared  absorption  spectra  for  LHPQ  13(1)  and 
20(1)  as  received  and  following  irradiation  are 
shown  in  Figures  7  and  8  respectively. 

The  effects  of  Irradiation  on  the  individual 
OH-bands  In  high  purity  quartz  are  demonstrated  in 
Figures  9  and  10.  The  '3580'  cm-1  band  increases 
following  irradiation  due  to  the  growth  of  the 
associated  side  peaks  and  the  splitting  into  t  r?e 
of  the  principal  3580  cm*l  peak.  The  other  bands 
are  supressed  upon  irradiation. 

Figure  11  illustrates  the  relationship  between 
growth  rate  and  OH*  content  and  growth  rate  and 
estimated  mechanical  0  (after  Bricel^).  The 
results  are  shown  in  Table  2.  Additional  data  will 
be  added  to  these  graphs  in  future  to  cover  <0.1  to 
>0.5  m/side/day.  With  the  exception  of  LHPQ  13(1) 
(0.34  nm/side/day)  which  appears  to  have  an  un¬ 
usually  high  Q,  the  OH-  content  appears  to  decrease 
and  the  mechanical  0  increase  as  the  growth  rate  is 
reduced. 


Table  1  -  Impurity  content  of  infrared  quartz  samples 


Sample 

Atomic  absorption 

Infrared 

A1  (ppm) 

Fe  (ppm) 

A1-0H  (ppm)  + 

OH"  (ppm) 

SEI 

11.2 

0.55 

8.43 

DFM 

9.3 

0.10 

12.44 

3.58 

RUS 

9.1 

0.10 

5.12 

3.73 

Natural 

65 

4 

34.28 

- 

LHPQ  7 

_ 

_ 

0.018 

LHPO  9 

0.?* 

0.4* 

0.02O 

- 

LHPQ  13 

0.01 

<0.07 

0.005 

1.1?4 

LHPQ  17(1)  Z 

- 

- 

0.052 

1.375 

LHPQ  17(2)  Fast  X 

- 

- 

0.017 

0.^7 

LHPQ  17(3)  Minor  R 

- 

- 

0.002 

1.747 

LHPO  20 

0.03 

<o.os 

not  detectable 

n.?7q 

*  Atonic  absorption  results  should 

he  regarded  as  being  too  nigh, 

+  Following  first  irradiation 

The  impurity  content  of  the 

guartz  used  in 

The  conclusions  of  this  infrared  study  are 

this  study  is  indicated  in  Table 

1. 

Atonic  absorp- 

tnat  high  purity  synthetic  quartz 

grown  at  the 

f.ion  analysis  was  performed  on  the 

actual  IP 

Hirst  Research  Centre  is  an  essentially  aluminium 

specimens  (at  HRC)  and  is  compared 

with  the 

free  (<0.05 

ppm),  low  OH-content 

(<1.8  ppm)  and 

infrared  derived  results.  With 

the 

exception  of 

high  n  (-> 2  x 

ion)  naterial  .  Its 

behaviour  under 

the  result  for  the  demonstration 

guartz  (for  which 

i rradi a t ion 

has  distinct  differences  to  that  of 

the  A1-9H-  content  was  larger  than 

the  total  41 

ordinary  synthetic  guartz  due  to 

the  absence  of 

content)  the  results  are  in  agreement.  From  these 

substitutional  41  centres. 

figures  it  is  possible  to  infer 

the 

Al-QH-  to 

Al-hole  ratio  following  the  first  irradiation  ( St ! 
1.04:1,  Rlis  1.29:1,  Natural  l.P:l).  The  3187  : 
3308  cm-1  41 -OH  hand  ratios  are  illustrated  in 
Figure  8. 
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Table  2  -  OH- 


Material 


LHPQ  7(1) 
LHPO  9(1) 
LHPQ  13(1) 
LHPQ  17(1) 
LHPQ  17(2) 
LHPQ  17(3) 
LHPQ  29(1) 


content,  mechanical  0 

OH-  content 
(ppm) 


1.124 

1.075 

0.767 

1.347 

0.279 


and  growth  rate  for  high 

Estimated  0  (miltons) 
3500  cm- 3  0410  cnrl 


3.38 

4, 

.41 

2.10 

1. 

.91 

2.62 

3. 

.18 

purity  quartz 

Growth  rate 
(mm/side/day) 

0.35 

0.28 

0.34 

0.27 

0.27 

0.27 

0.16 


However  the  questions  that  this  study  leaves 
unanswered  include: 


(i)  what  is  the  identity  of  the  OH*  type  centres 
that  give  rise  to  the  3590,  3437,  3400  and 
3348  cm-1  bands. 

(ii)  where  do  the  hydrogen  ions  from  these  sites 
go  to  in  high  purity  quartz  following 
irradiation  (they  don't  go  to  A1  sites  to 
form  AI-OH"  centres  as  in  ordinary  synthetic 
material ) . 

(iii)  what  is  the  source  of  the  additional 

hydrogen  that  appears  following  irradiation 
in  ordinary  synthetic  quartz. 

(iv)  what  is  the  relationship  between  growth 
rate,  OH"  content  and  mechanical  0 

(v)  what  is  the  ratio  of  Al-hole  to  A1-0H- 

centre  formation  in  high  purity  quartz  and 
how  does  this  compare  with  ordinary  unswept/ 
swept  synthetic  quartz. 

Electron  spin  resonance 

Preliminary  ESR  measurements  at  the  Clarendon 
Laboratory,  Oxford  on  the  same  natural ,  SEI  syn¬ 
thetic  and  high  purity  synthetic  (LHPO  7  and  9) 
quartz  have  attempted  to  compare  the  two  aluminium 
hole  centre  concentrations  in  each.  Following  room 
temperature  x-i rradiation  the  samples  were  placed 
in  a  double  sample  cavity  and  the  ESR  spectra 
recorded  at  a  frequency  of  9.583  GHz  at  35  K  with 
the  field  along  the  C  axis.  The  natural  to  SEI 
hole  centre  ratio  was  found  to  be  about  5.6:1,  in 
good  agreement  with  the  atomic  absorption  (5.80:1) 
and  infrared  (4.07:1)  results.  Measurements  on 
high  purity  sample  LHPO  9  indicated  an  Al-hole 
centre  concentration  of  about  0.04  ppm  with  a  S/N 
ratio  of  2:1. 

Acoustic  loss,  O'1 

breliminary  acoustic  loss  (0"M  measurements 
as  a  function  of  temperature  from  77  K  to  300  K  are 
reported  for  a  Russian  synthetic  and  high  purity 
synthetic  quartz  resonator.  5  MHz  5th  overtone 
AT-cut  plano-convex  glass  encapsulated  resonators 
were  fabricated  by  SEI  from  Russian  and  high  purity 
(LHPO  7)  synthetic  quartz.  The  results  were 
obtained  using  a  new  acoustic  loss/crystat  para¬ 
meter  measurement  system  which  has  been  developed 
to  allow  automated  measurement  of  crystal 
resonators  in  the  frequency  range  300  kHz  to  1.3 
GHz  as  a  function  of  temperature  (initially  from 
77  X  to  300  K. 


The  measurement  system,  which  forms  in  effect  a 
programmable  network  analyser,  consists  of  a  Rohde 
and  Schwarz  ZPV  vector  analyser  (with  300  kHz  - 
2  GHz  50  ohm  plug-in  E3)  with  accompanying  ZPV-Z5  s 
parameter  test  set,  HP  3335  millihertz  synthesiser 
(200  Hz  -  80  MHz)  (and  Adret  7100  synthesiser 
300  kHz  -  1.3  GHz),  HP  9826  desktop  computer/ 
controller.  Lake  Shore  Cryogenics  0RC-84C 
cryogenic  temperature  controller  and  Oxford 
Instruments  CF-100  (3.6  <  -  500  K)  flow  cryostat 
and  acessories.  Two  50  ohm  coaxial  leads  run  into 
the  cryostat  which  maintain  a  50  ohm  environment 
down  to  the  interchangeable  crystal  mount  on  the 
cold  finger.  The  signal  leads  are  connected  to  the 
crystal  mounting  through  SMA  connectors  which 
allows  calibration  of  the  cables  essentially  to  the 
pins  of  the  device  using  open  circuit,  short 
circuit  and  matched  load  calibration  components. 

Preliminary  measurements  were  made  using  a 
direct  transmission  technique  with  the  resonator 
connected  in  series.  The  acoustic  loss  was 
obtained  from  the  t 45°  and  zero  phase  points  using 

0  =  f  (2R0+R)/R  (4) 


where  f  is  the  zero  phase  frequency 

df  is  the  frequency  difference  between  +  and 
-45  degrees 

Ro  is  the  characteristic  impedance  (50  ohms) 

R  is  the  impedance  of  the  crystal  at  zero 
phase 

Future  measurements  will  be  made  using  the  new 
crystal  measurement  technique  reported  elsewhere  in 
these  proceedi ngs3 1  with  full  error  correction. 

Figures  12  and  13  show  the  as  received 
acoustic  loss  and  (300  K  normalised)  frequency 
temperature  characteristics  of  the  Russian 
synthetic  resonator.  Figures  14  and  15  show  the  as 
received  acoustic  loss  and  (300  K  normalised) 
frequency  temperature  characteristics  of  the  high 
purity  synthetic  resonator.  The  overall  response 
of  the  high  purity  resonator  is  very  good  with  an 
essentially  constant  0  of  2  x  10*  over  the  entire 
temperature  range.  This  reflects  strongly  on  the 
overall  quality  of  the  material. 
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The  Russian  and  high  purity  synthetic  offsets  for  high  purity  resonators  M,16  and  30  are 

resonators  forn  part  of  a  study  to  look  at  the  ananolously  high  and  indicate  oscillation  on  an 

radiation  induced  frequency  offset  in  precision  adjacent  response.  The  resonators  were  of  a  bipole 

natural,  synthetic  and  high  purity  resonators  which  type  with  only  one  side  excited  and  as  such  did  not 

will  be  cumulatively  irradiated  to  1  MRad.  The  have  as  distinct  a  central  response  as  the  5  MHz 

acoustic  loss  for  each  of  the  resonators  will  be  5th  OT  AT-cut  precision  resonators.  In  addition 

measured  after  each  irradiation  along  with  the  resonators  8  and  25  showed  high  series  resistances 

radiation  induced  frequency  offset.  when  measured  on  arrival.  The  second  column  shows 

the  offsets  on  the  22nd  day  post-irradiation  and 
Radiation  induced  frequency  offset  indicate  the  magnitude  of  the  post  irradiation 

.  annealing.  Again  the  changes  in  the  high  purity 

Ten  two  resonator  narrowband  20  MHz  bipole  resonators  appear  to  be  about  an  order  of  magnitude 

crystal  filter  packages  (in  which  one  resonator  was  smaller  than  those  in  the  natural  resonators, 
fabricated  from  natural  and  the  other  from  high 

purity  (LHPQ  6)  synthetic  quartz)  were  irradiated  Figures  16  and  17  show  the  fractional 

to  a  total  dose  of  1  MRad  (gamma  and  some  neutrons)  frequency  shift  as  a  function  of  time  before  and 

in  a  spent  nuclear  fuel  store.  Two  packages  were  after  1  MRad  of  irradiation  for  resonators  1  and  2. 

used  as  controls.  The  radiation  induced  frequency  Figures  18  and  19  show  the  same  information  for 

offset  was  obtained  by  measuring  the  frequency  for  resonators  11  and  12. 

a  number  of  days  prior  to  irradiation  and  then 

monitoring  the  post  irradiation  recovery.  Work  is  currently  in  progress  to  repeat  these 

measurements  on  a  series  of  precision  glass  en- 
The  fractional  frequency  shifts  between  the  capsulated  5  MHz  5th  OT  AT-cut  piano  convex 

last  day  pre-i rradi at  ion  and  the  first  day  post  resonators  which  have  been  fabricated  from  natural, 

irradiation  are  shown  in  Table  3.  As  each  pair  of  synthetic  and  high  purity  synthetic  quartz.  These 
resonators  was  in  the  same  package,  both  received  measurements  will  be  made  for  a  series  of  dose 

the  same  dose.  rates  up  to  1  MRad  and  should  enable  a  nuch  more 

accurate  determination  of  the  dose  dependent 
The  results  in  Table  3  clearly  show  the  frequency  offset  to  be  made  for  high  purity 

difference  between  the  radiation  induced  frequency  resonators, 
offset  in  the  natural  and  high  purity  resonators. 

Two  control  resonator  pairs  («3,4  and  «27  ,28)  give  Conclusions 

a  measure  of  the  uncertainties  in  the  results.  All 

the  natural  resonators  show  large  negative  Infrared,  ESR,  acoustic  loss  and  radiation 

frequency  offsets  ranging  from  -1.83  to  -15.37  ppm.  induced  frequency  offset  on  natural,  synthetic  and 
The  high  purity  resonators  by  comparison  show  high  purity  quartz  have  shown  significant  improve- 

mainly  positive  frequency  offsets  of  about  an  order  nents  in  material  quality  and  device  response  when 

of  magnitude  smaller,  -0.175  to  +0.316  ppm.  The  using  very  high  purity  synthetic  quartz  grown  at 

Table  3  -  Post  irradiation  frequency  offset  for  natural  and  high  purity  synthetic 
quartz  resonators  following  1  MRad  total  dose 

Post  irradiation  frequency  offset  (ppm) 


Day  0  nay  22 


Resonator 

Natural 

Synthetic 

Natural 

Synthetic 

1,7 

-  5.97 

-  0.125 

-  5.76 

-0.080 

3, A 

C 

+  0.605 

-  0.125 

+  0.490 

-0.080 

5,6 

-15.37 

+  0.210 

-13.53 

+0.365 

7,8 

-  7.18 

-31.6 

-  6.91 

-  4.73 

9 , 1  n 

-  4.11 

+  0.190 

-  3.83 

+  0.136 

II,  1? 

-  1.93 

-  0.340 

-  1.37 

-  0.270 

13,11 

-  9.61 

<■  0.6f5 

-  8.68 

+  0.405 

15,16 

-  9.10 

-  6.70 

-  7.68 

-  5.10 

17,18 

-10.86 

+  0.316 

-10.00 

+  0.265 

25,26 

-  9.96 

_ 

-  9.70 

_ 

27,28 

C 

♦  0.370 

♦  0.176 

*  0.196 

0.055 

29,30 

-13.37 

+88.74 

-12.77 

♦  30.50 

1  Resonators 

3,4  and  27,28 

were  controls 

2  Resooa 

tors 

9  and  26  had  1 

unusually  high  resistances 

when  measured  as 

rece i vod 
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the  GEC  Hirst  Research  Centre.  This  material 
appears  to  he  a  very  promising  candidate  for  the 
fabrication  of  radiation  hardened  quartz  devices 
and  further  research  is  in  hano  to  qualify  the 
preliminary  results  presented  here. 

In  addition,  current  research  indicates  that 
tnere  are  still  considerable  gaps  in  our  under¬ 
standing  of  the  mechanism  and  steps  involved  in 
ooth  sweeping  and  the  interaction  of  radiation  with 
quartz  which  need  to  be  resolved  in  order  to  fully 
solve  the  radiation  hardness  problem. 
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Figure  1  77K  Infrared  Absorption  Spectrum  of  Russian  Synthetic 

Quartz  Before  snd  After  Irradiation 
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e  2.  Comparison  of  77K  Infrared  Absorption  Spectra  of 

Russian  and  High  Purity  Synthetic  Quartz  as  Received 
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Figure  3  A1  OH,  OH  and  Total  OH  Centre  Concentrations 
Shown  as  a  Function  ol  Treatment 
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Figure  4.  Individual  OH  Band  Concentrations  shown  as  a  Func 
tion  of  Treatment 
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Figure  5.  Individual  OH  Band  Ratios  as  a  Percentage  of  the  Total 
Other  OH  Shown  as  a  Function  of  Treatment 
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Figure  7.  77K  Infrared  Absorption  Spectrum  of  High  Purity  Quartz  LHPQ  13(1)  as 

Received  and  Following  Irradiation 
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Figure  9.  Individual  High  Purity  OH  Band  Concentrations  Shown 
as  a  Function  of  T reatment 
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Figure  10.  High  Purity  OH  Band  Concentrations  as  a  Percentage 
of  the  Total  Other  OH  Shown  as  a  Function  of  T reat 
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Figure  11.  OH  Content  and  Mechanical  Q  for  High  Purity  Quartz 
Shown  as  a  Function  of  Growth  Rate 
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Figure  12.  Acoustic  Loss  as  a  Function  of  Temperature  for 

5  MHz  5th  Overtone  AT-Cut  Russian  Quartz  Resona¬ 
tor  as  Received 
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Figure  13.  Frequency -Temperature  Characteristic  (normalized 
to  300K)  for  5  MHz  5th  Overtone  AT  Cut  Russian 
Quartz  Resonator  as  Received 
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Figure  14.  Acoustic  Loss  as  a  Function  of  Temperature  for 
5  MHz  5th  Overtone  AT  Cut  High  Purity  Quartz 
Resonator  as  Received 
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Figure  15.  Frequency  Temperature  Characteristic  (Normalized 
to  30QK)  for  5MHz  5th  Overtone  AT -Cut  High 
Purity  Quartz  Resonator  as  Received 
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Figure  16.  Fractional  Frequency  Shift  at  a  Function  of  Time 
Before  and  After  1  MRad  Irradiation  for  20  MHz 
3rd  Overtone  AT -Cut  Natural  Resonator  No.  1 
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Figure  18.  Fractional  Frequency  Shift  as  a  Function  of  Time 
Before  and  After  Irradiation  for  20  MHz 
3rd  Overtone  AT  Cut  Natural  Resonator  No.  1 1 
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Figure  19.  Fractional  Frequency  Shift  as  a  Function  of  Time 
Before  and  After  Irradiation  for  20  MHz 
3rd  Overtone  AT-Cut  High  Purity  Resonator  No.  12 


Figure  17.  Fractional  Frequency  Shift  at  a  Function  of  Time 
Before  and  After  1  MRad  Irradiation  for  20  MHz 
3rd  Overtone  AT-Cut  High  Purity  Reaonator  No.  2 
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THE  INFLUENCE  OF  CRYSTAL  GROWTH  RATE  AND 
ELECTRODIFFUSION  (SWEEPING)  ON  POINT  DEFECTS  IN  a -QUARTZ* 

J.  J.  Martin,  L.  E.  Halliburton,  and  R.  B.  Bossoli 
Oklahoma  State  University,  Stillwater,  Oklahoma  74078 
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Oh 


A.  F. 

Rome  Air  Development  Center, 


Armington 

Hanscom  AFB ,  Massachusetts  01731 


As-grown  quartz  exhibits  OH-relate<d  iff  feared 
absorption  bands  at,  3585,  34  37,  and  3400  cm"  tfhen 
examined  at  77  K.  We  have  investigated  the 
strengths  of  these  bands  in  a  series  of  quartz  cry¬ 
stals  grown  at  different  rates  in  the  Air  Force  Hy¬ 
drothermal  Facility  at  Hanscom  AFB.  Growth  rates 
were  varied  from  0.3  to  1.4  mm/day.  All  three  in¬ 
frared  bands  listed  above  were  small  for  crystal 
growth  rates  below  0.0  nm.'duy.  However,  their 
strengths  increase  nearly  linearly  with  growth 
rates  above  this  value.  The  industry  standard  for 
determining  the  "Q  value"  of  quartz  is  to  measure 
the  room^ temperature  infrared  absorption  at  or  near 
3500  -.  Our  results  indicate  that  slow  growth 

v'r55ults  in  a  reduction  of  the  OH"  bands  in  this  re¬ 
gion  and  should  cor rescind  to  higher  Q  material. 

Electrodiffusion  (sweeping)  is  a  jost-growth 
treatment  which  allows  selective  remc val  of  inter¬ 
stitial  ions  from  quartz  and  the  technique  has  been 
commercially  developed  as  a  means  of  increasing  the 
material’s  radiation  hardness.  In  order  to  better 
understand  this  phenomenon,  we  have  systematically 
investigated  the  various  aspects  of  sweepinq.  Our 
results  were  obtained  under  a  variety  of  conditions 
and  irclude  both  alkali  and  proton  sweeping.  All 
quartz  contains  Al 3+  ions  substi tuting  for  Si^4 
ions,  with  the  necessary  charge  compensation  pro¬ 
vided  by  interstitial  alkali  (Li4  ard  Na+)  ions  or 
protons  (H+) .  These  interstitial  ions  can  be  re¬ 
leased  from  their  trapping  sites  by  radiation  nr 
by  thermal  activation  and  then  they  can  migrate 
through  the  crystal  along  the  relatively  large  r- 
uxis  channels.  Trotons  from  the  surrounding  air  or 
hydrogen  atmosphere  can  be  brought  into  the  crystal 
at  the  anode  while  alkali  ions  arc  removed  at  the 
cathode.  When  one  alkali  is  to  replace  another 
alkali,  the  appropriate  alkali  salt  is  deposited  at 
the  rode  and  a  vacuum  surrounds  the  crystal  .  The 
sweeping  is  done  in  the  480  to  4C.H)°C  range  and  the 
electric  fields  vary  from  greater  than  JOOo  volts/ 
cm  for  protons  to  less  than  20  volt  s/cm  tor  alkalis. 

Int roduct i  <  >  n 

As-grown  synthetic  alpha-quartz  contains  a 
variety  of  point  defects. These  defects  fall  in¬ 
to  two  general  categories;  U)  substitutional  alum¬ 
inum  ions  wit*,  their  associated  interstitial  alkali 
ion  and  (?)  molecules  trapped  ad  parent  to  un¬ 

ident  if  led  defects  in  the  lattice .  The  concentration 
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of  both  types  of  defects  increases  with  increased 
crystal  qrowth  rate,  and  both  have  been  shown  to 
play  a  direct  role  in  the  performance  of  crystal 
resonators.  For  example,  early  internal  friction 
studies  by  Jones  and  Brown 3  showed  that  both  the 
A£-Na+  center  loss  peak  near  50  K  and  the  room  tem¬ 
perature  acoustic  loss  of  5MHz  5th  overtone  AT-cut 
crystals  increased  with  the  rate  at  which  the  orig¬ 
inal  stone  was  grown.  In  the  case  of  hydrogen, 

Dodd  and  Fraser^  and  Sawyer^  have  shown,  tha*  the 
mechanical  Q  of  a  crystal  is  related  to  the  OH"  con¬ 
tent  of  the  quartz.  This  result  has  lead  to  the 
routine  use  of  infrared  optical  absorption  as  a 
method  of  predicting  the  Q  of  a  quartz  stone.  The 
optical  Q  is  usually  determined  by  comparing  the 
room  temperature  absorption  coefficient  at  3500  crfT1 
with  that  at  3800  cm  .  In  high  qualify  quartz, 
this  ir.  basically  a  measurement  of  the  intensity  of 
the  temperature-broadened  OH"  bands  at  3437  cm"* 
and  3400  cm”*. 

Interstitial  alkali  ions  and  protons  are  trap¬ 
ped  by  substitutional  aluminum  ions  and,  quite  pos¬ 
sibly,  by  other  defects.  When  thermally  liberated 
from  their  traps,  they  can  diffuse  along  the  larqe 
Z-axis  channels.  This  diffusion  is  responsible  for 
the  increasing  •’coustic  loss  observed  at  high  tem¬ 
peratures*^ »  7 '  p  and  for  the  annealing  behavior  of 
radial  ion- induced  defects.  A  technological J v  impor¬ 
tant  result  occurs  when  an  electric  field  applied 
parallel  to  the  Z  axis  is  used  to  force  these  inte- 
stitial  ions  out  of  the  sample  and  replace  themwith 
others.  Kinn,^  making  use  of  this  characteristic, 
was  .imnnq  the  first  to  develop  the  electrodiffusion 
(sweeping)  process  as  a  method  for  changing  the  con¬ 
centration  of  specific  interstitial  cations.  During 
his  extensive  infrared  study,  Katz10  used  this  pro¬ 
cess  to  "sweep”  hydroqen  and  alkali  ions  into  and 
out  of  the  quartz.  Fraser*1  described  the  basic 
technology  for  the  selective  sweepinq  of  alkalis 
and  Kre It 1  ^  has  shown  that  holes  can  be  swept  into 
quartz  it  the  process  is  carried  out  in  vacuum  at 
temperatures  above  the  phase  transition.  Brown, 
^’Conner  and  Armington1 *  have  investigated  alkali 
sweeping  and  the  use  of  an  inert  gas  atmosphere. 

A  number  of  studios  have  shown  that  the  radial  i-M. 
hardness  of  oscillators  is  significantly  enhanced 
if  elect rodi f f us ion  is  used  to  replace  the  alkali- 
in  quartz  with  protons.1 Recently,  Jain  and 
Nowick17  have  investigated  ionic  conductivity  in 
both  synthetic  and  natural  juartz. 

Electrodiffusion  is  closely  related  tv'  ionic 
conductivity  in  quartz.  The  main  difference  istkit 
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in  electrodiffusion  specific  ions  (protons  or  an 
alkali)  are  brought  into  the  sampl  '  and  exchanged 
for  the  monovalent  ions  initially  -resent.  Elec¬ 
trical  conduction  in  quart z  is  main* ,  ionic  and  ir>e- 
dimensio  al .  The  conductivity  is  governed  by  the 
motion  of  these  monovalent  ions  along  the  Z-axis 
channels.  In  as-grown  quartz,  alkali  ions  art*  in¬ 
terstitial  ly  trapped  next  to  the  substitutional 
aluminum  and  are  thermally  released  as  the  tempera¬ 
ture  increases.  If  only  one  alkali  spee'es,  say 
Na+,  is  present  the  conductivity  can  be  described  as 

a  =  neu  (1) 


where  n  is  the  number  of  monovalent  ions  released 
from  the  traps,  e  is  the  fundamental  charge,  and  u 
is  their  mobility.  When  the  ions  are  almost  com¬ 
pletely  associated  with  the  aluminum  we  expect  that 


n  ~  exp  (-E  /2kT) 

where  fr*  is  the  energy  of  association, 
is  also  thermally  activated  with 


U 


ed^ 

kr~ 


v  exp 


(-E  AT) 
m 


(2) 

The  mobility 


(3) 


where  d  is  the  jump  distance,  v  the  jump  frequency, 
and  Em  is  the  activation  energy  for  the  interstitial 
migration. Equations  (2)  and  (3),  when  combined 
with  Kq.  (1),  suggest  that  the  conductivity  can  be 
described  by 

oT  =*  A  exp  (-EAT)  (4) 


where 


E  =  E  +  .  (5) 

m  A 

Thus,  a  plot  of  log  (oT)  versus  T_1  should  yield  a 
straight  line.  Jain  and  Nowick*7  observed  such  be- 
havic  r  and  found  activation  energies  near  1.4  and 
1.0  eV  for  synthetic  and  natural  quartz,  respectiv¬ 
ely.  The  problem  of  electrodiffusion  is  somewhat 
more  complicated  since  several  species  of  ions  are 
beinq  transported,  each  of  which  will  have  differ¬ 
ent  mobilities  and  different  association  energies, 
and  since  ions  are  moving  into  and  out  of  the  sam¬ 
ple.  However,  the  basic  process  is  expected  to  be 
thermally  activated  and  governed,  at  least  to  the 
first  approximation,  by  Eqs.  (4)  and  (5). 


A  systematic  study  of  the  electrodiffusion 
process  in  quartz  is  presently  underway  at  Oklahoma 
State  University.  We  are  carrying  out  this  study 
using  H2 ,  D2 ,  and  vacuum  atmospheres.  The  process 
for  alkalis  is  beinq  investigated  by  usinq  salt- 
‘"ilm  electrodes  as  the  source  of  the  alkali  ions. 
Measurements  of  the  ionic  currents  are  being  made 
as  functions  of  time,  temperature,  and  applied  elec¬ 
tric  field. 


Experimental  Procedure 

The  series  of  quartz  stones  used  in  our  growth 
rate  study  were  grown  at  rates  ranging  from  0.3 

mm/dav  to  1.4  mm/day  at  the  Air  Force  Hvdrothermal 
iq  20 

Facility.  The  nutrient  was  synthetic  quartz 

and  the  seeds  were  0°  plates.  Sodium  hydroxide 
with  a  small  quantity  of  lithium  hydroxide  was  used 
as  the  mineralizer  for  all  runs  except  one  where 
sodi'jp*  carbonate  was  used.  The  autoclave  was  three 
irv  Sir. in  diameter.  Optical  samples  having  typical 
dimensions  of  10  x  1^  x  )  mm"*  for  the  X,  Y,  and  Z 


directions,  respectively,  were  cut  from  the  z-gnwth 
region  of  each  stone.  A  Heckman  4240  infrared  spec¬ 
trophotometer  was  used  for  the  optical  absorption 
measurements.  A  Dewar  containing  liquid  nitrogen 
maintained  the  sample  near  80  K  during  the  measure¬ 
ments.  Since  Z-plate  samples  were  used,  the  elec¬ 
tric  vector  of  the  incident  light  was  always  i->et- 
pendicular  to  the  Z  axis.  The  samples  were  run  in 
the  as-grown  condition  and  then  were  re-run  after 
receiving  an  intense  room  temperature  irradiation. 
This  irradiation  converted  the  aluminum-alkali  cen¬ 
ters  into  A^-OH"  and  A^-hole  centers.  The  latter 
infrared  scan  revealed  the  infrared-active  a£-0H“ 
centers  and  allowed  us  to  estimate  the  aluminum 
content  of  each  sample. 

The  electrodiffusion  studies  were  carried  out 
on  samples  cut  from  unswept  lumbered  bars  of  z- 
growth  material.  These  were  purchased  from  Sawyer 
Resear  h  Products  and  included  Electronic  Grade, 
Premium  Q,  and  Super  Premium  Q  quartz.  The  actual 
sweeping  samples  were  polished  Z  plates  3  mm  thick 
and  15  mm  x  17  nm  in  the  X  and  Y  directions.  Such 
samples  are  a  convenient  size  for  use  in  the  sweep¬ 
ing  apparatus  and  for  subsequent  infrared  evalua¬ 
tions.  Plano-convex  AT-cut  resonator  blanks  of  the 
Warner  design  are  directly  swept  when  acoustic  loss 
measurements  are  used  for  evaluation. 

The  sweeping  system  consisted  of  a  vitreous 
silica  jacket  evacuated  with  a  diffusi-n  pump  and 
heated  by  an  external  clamshell  furnace.  This  sys¬ 
tem  allows  us  to  electrodif fuse  quartz  either  in  a 
controlled  atmosphere  or  in  a  vacuum  of  5  x  10”^ 
Torr  or  better.  The  quartz  plate  is  usually  mount¬ 
ed  between  graphite  clamps  and  the  sample  tempera¬ 
ture  is  measured  by  a  thermocouple  attached  to  the 
bottom  clamp.  A  variable  DC  power  supply  is  used 
to  establish  the  electric  field  with  typical  fields 
being  15  V/cm  for  alkali  sweeps  and  3000  V/cm  or 
greater  for  hydrogen  sweeps. 

The  sweeping  procedure  begins  by  vapor  deposit¬ 
ing  gold  electrodes  on  the  two  sample  faces.  If  Li, 
Na,  or  K  is  to  be  swept  into  a  crystal,  the  appro¬ 
priate  salt  is  first  vapor  deposited  on  one  side 
and  is  then  followed  by  a  gold  electrode.  The  elec¬ 
trodiffusion  is  carried  out  in  the  desired  atmo¬ 
sphere  at  a  temperature  between  480  and  490°C.  A 
H2  atmosphere  is  used  for  hydrogen  sweeping,  wl  *re- 
as  all  alkali  sweeping  is  done  in  vacuum.  (The 
graphite  clamps  are  baked-out  before  each  alkali 
sweep.)  The  sample  current  is  recorded  as  a  func¬ 
tion  of  time  usinq  a  digital  multimeter  and  a  lab¬ 
oratory  computer.  Hydrogen  sweeps  are  continued 
until  the  current  becomes  steady,  which  takes  ap¬ 
proximately  24  hours.  Alkali  sweeps  are  continued 
until  a  sufficient  number  of  positive  ions  have  b**cn 
transported;  this  usually  takes  less  than  two  hours. 
When  the  sweep  is  complete  the  furnace  is  slowly 
programmed  down  in  temperature  while  the  sample 
current  and  temperature  are  continually  recorded. 
These  latter  data  give  the  effective  ionic  conduc¬ 
tivity  as  a  function  of  temperature  for  the  speci¬ 
fic  process. 
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Fiq.  1.  The  solid  curve  shows  the  infrared 
absorption  spectrum  for  a  fast-growth  sample.  The 
3585,  3437,  and  3400  cm"1  OH"  bands  are  large.  The 
dashed  curve  shows  that  a  room-temperature  irradia¬ 
tion  reduces  these  0H“  bands  and  produces  the  3307 
and  3306  cm"1  Af -OH"  bands. 

Results  and  Discussion 
Growth  Rate  Study 

The  infrared  absorption  at  liquid  nitrogen 
temperature  of  a  z-growth  sample  cut  from  a  stone 
grown  at  1.4  mm/day  is  shown  by  the  solid  line  in 
Fici.  1.  This  spectrum  is  ■  imilar  to  that  reported 
by  Sibley  et  al.2  for  Sawyer  Electronic  brade  mat¬ 
erial.  The  dashed  line  in  Fig.  1  shows  the  effect 
of  a  room  temperature  irradiation  on  the  sample. 
Such  an  irradiation  removes  alkali  ions  from  the 
aluminum  sites  and  removes  protons  from  the  defects 
responsible  for  the  absorption  bands  at  3585  cm"1, 
3437  cm"l ,  and  3400  cm"1.  The  protons  are  trans¬ 
ferred  to  the  aluminum  site  and  form  Af-OH**  centers 
which  give  rise  to  the  3367  cm"1  and  330<»  cm"1  band* 
some  Af-hoie  centers  also  are  created  by  the  room- 
temperoture  irradiation. 


GROWTH  RATE  Cmm/cdcay) 


Fig.  2.  The  heights  of  the  3585  and  3400  cm”1 
OH“-related  bands  are  shown  as  a  function  of  growth 
rate.  The  3437  cm"1  band  follows  the  same  curve. 


GROWTH  RATE  Cmm/ <day} 


Fig.  3.  The  3585  OH"  defect  band  and  the  3367 
cm"1  Af-OH"  band  arc  shown  as  a  function  of  the 
growth  rate. 


Electrodiffusion  Study 


Figure  2  shows  the  }>eak  absorption  coefficients 
for  the  1585  cm-1  and  3400  cm"1  OH"  bands  as  a  fun- 
?  of  crystal  growth  rate.  Both  bands  increase 

rapidly  for  growth  rates  fister  than  0.7  mm/day. 
Although  not  plotted  in  Fig.  2,  the  3437  ntv-*  band 
;hows  s imilar  behavior.  The  infrared  absorption 
qioctrum  tor  the  two  slowest  grown  samples  are  very 
similar  to  that  observed  by  Sibley  ot  al.-  for  Saw- 
ver  Premium  /  grade  material.  Figure  .3  shows  that 
the  aluminum  content,  as  measured  by  the  height  of 
the  3  It-. 7  cn“*  a£-OH"  band  produced  by  a  room -temp¬ 
erature  irradiation,  also  increases  with  growth 
rate.  The  F.SR  test*-1  for  aluminum  concent  rat  ion 
was  run  on  the  slowest  and  fastest  grown  samples. 
They  showed  approximntelv  V  ppm  and  12  ppm  aluminum, 
res pec* ivoly. 


The  current- versus-t ime  curves  obtained  by 
sweeping  H+  and  Na  into  Z-plate  samples  from  Pre¬ 
mium  q  grade  bar  Py-b  are  shown  in  Fig.  4.  Similar 
curves  were  obtained  for  samples  from  Electronic 
ora  do  bar  EE.-B  and  Ruj  cr  Premium  y  bar  SV-A.  The 
curves  are  characterized  by  an  initial  decrease 
which  we  believe  is  caused  by  the  replacement  of 
Li +  ions  with  protons  ot  Na+  ions.  When  Li4  i  .• 
swept  into  previously  un swept  samples,  the  initial 
decrease  of  the  current  is  much  smaller  than  that 
shown  in  rig.  4.  The  steady  current  observed  aftei 
the  initial  decrease  (i.e.,  at  later  times)  appar¬ 
ently  represents  the  continuous  motion  of  one  spe¬ 
cies  through  the  sample.  The  alkali  sweeps  are  us¬ 
ually  terminated  after  30  to  120  minutes  in  order 
to  prevent  depletion  of  the  source  film  of  alkali 
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salt-  'Hie  curves  shown  in  Fig,  4  were  obtained 
with  applied  fields  of  4006  V/cm  for  the  hydrogen 
and  17  V/cm  fnr  the  sodium  runs,  respectively. 
Similar  low  fields  of  1  >  to  20  V/cm  give  comparable 
currents  when  sweeping  L.i+  and  K+.  It  appears  that  hy¬ 
drogen  ,  which  is  the  ion  used  in  commercial  sweeping, 
is  much  less  mobile  than  the  alkalis. 


PQG-Quartz 


Fig.  4.  The  current-versus-time  for  the  elec¬ 
trodiffusion  of  sodium  and  hydrogen  in  Premium  Q 
grade  samples  PQ-GN  and  P£-GH  are  shown. 

infrared  s  ans  at  liquid  nitrogen  temperatures 
were  made  as  a  routine  characterization  of  samples 
after  sweeping.  No  changes  in  the  infrared  spectra 
were  found  as  a  result  of  alkali  sweeps  using  Li, 
Na+,  and  K4 .  When  hydrogen  was  swept  into  the  cry¬ 
stals,  the  3167  and  3306  cm"*-  Af-OH”  infrared  bands 
were  produced,  as  exacted.  This  shows  that  the 
alkali  ion  initially  charge  compensating  the  alum¬ 
inum  was  replaced  by  a  proton. 


where  C  is  the  concentration  in  ppm  and  AQ_i  is 
the  height  of  the  Af-Na+  center  loss  peak  at  55  K. 
Thus,  the  unswept  blank  probably  contains  about 
0.3  ppm  Af-Na+  centers;  the  remaining  10  to  15  ppm 
of  aluminum  must  be  compensated  by  Li+.  Since  the 
mineralizer  used  in  growinq  Premium  Q  quartz  is 
predominantly  Na2C0->,  the  essentially  total  exclu¬ 
sion  of  Na+  from  the  aluminum  sites  by  the  addition 
of  the  small  amount  of  LioC03  to  the  growth  solu¬ 
tion  is  remarkable.  Since  the  unswept  and  Li+- 
swept  blanks  both  contain  10-15  ppm  Af-Li4"  centers, 
we  believe  that  the  A£-Li+  center  does  not  couple 
to  the  AT-cut  thickness  shear  mode.  An  additional, 
much  smaller,  loss  peak  related  to  the  Af-Na+  cen¬ 
ter  was  observed  at  approximately  135  K  in  the  AT- 
cut  blank  that  had  been  Na+  swept.  Park  and  No- 
wick^  observed  two  sodium-related  peaks  in  their 
dielectric  loss  measurements. 
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Since  we  were  unable  to  observe  any  signifi¬ 
cant  difference  between  Na+,  Li  +  ,  or  K+  swept  sam¬ 
ples  with  either  infrared  or  electron  spin  resonance 
techniques,  we  investigated  the  acoustic  loss  spec¬ 
tra  from  a  series  of  5MHz  5th  overtone  AT-cut  res¬ 
onator  blanks  fabricated  from  Premium  Q  material 
(bar  Pm-E)  .  Earlier  reports  by  Martin  et  al.^' 
have  shown  that  the  as-grown  blanks  have  a  small 
loss  peak  at  55  K  due  to  the  Af-Na4"  center.  When 
the  blanks  were  swept  with  hydrogen,  deuterium,  or 
lithium,  this  A^-Na  loss  peak  was  removed  and  no 
new  peaks  were  introduced. 


Figure  5  compar**:;  the  acoustic  loss,  ,  spec¬ 
tra  of  unswept  ,  I. i 4 -swept. ,  and  Na+-swept  resonator 
blanks.  The  unswept  blank  shows  a  small  A^-Na+ 
loss  peak  at  55  k  with  a  height,  AQ”1 ,  of  approxi¬ 
mately  0.5  x  l  J-\  No  such  peak  was  found  in  the 
Li+-swept  blank,  while  the  Na+-swept  blank  showed 
a  very  large  55  Y  peak  with  Ag-1  =  2  x  10“^,  as 
shown  in  Fig.  5.  Since  this  bar  contains  10  to  15 
ppm  al  lminum^  ,  we  conclude  that  the  concentration, 

C,  of  A^-Na4  centers  is  given  by 

<:  «  <±2^%)  x104]ac_1  (6) 


Fig.  5.  The  acoustic  loss-versus-temperature 
spectrum  for  unswept,  Li+-swept,  and  Na+-swept 
5MHz  5th  overtone  AT-cut  resonator  blanks  all  fab¬ 
ricated  from  bar  PQ-E  are  shown.  The  peak  at  55  K 
is  due  to  the  At-Na  center. 

When  the  current  reaches  a  steady  value  during 
a  sweeping  run  we  believe  that  one  species  of  ion 
is  brought  into  the  sample  at  the  positive  elec¬ 
trode,  transported  through  the  sample,  and  removed 
at  the  negative  electrode.  Therefore,  only  one 
species  is  involved  in  the  conduction  process  and 
the  conductivity  should  be  described  by  Eqs.  1 
through  5.  Figure  6  shows  a  plot  of  loq  cT  versus 
1000 /T  for  a  sodium  sweep  and  a  hydrogen  sweep  or. 
previously  unswept  samples  taken  from  bar  PQ-G. 

Both  curves  show  the  expected  straight  line  behav¬ 
ior.  The  apparent  conductivity  in  the  hydrogen 
sweep  is  much  less  than  that  for  the  sodium  sweep. 
Activation  energies  of  1.2  and  1.9  eV  were  found 
for  the  sodium  and  hydrogen  sweeps,  respectively. 
Our  value  of  1.2  eV  for  the  sodium  case  is  slightly 
less  than  1.3  to  1.4  eV  found  by  Jain  and  Nowick*7 
in  their  ionic  conductivity  studies  of  synthetic 
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quartc.  Ha  hava  obaarvad  activation  anargiaa 
ranging  batwaan  0.95  and  1.2  aV  for  lithium  and 
sodium  alactrodiffuaion  in  a  number  of  Ilaetronic 
Grade  and  Premium  Q  aamplas.  Our  valuaa  of  tha 
activation  energy  for  hydrogen  eweeping  vary  be¬ 
tween  1,8  and  1.9  av.  In  interpreting  thaaa  num- 
bera,  it  ia  important  to  remember  that  the  obaar¬ 
vad  activation  energy  in  ionic  conductivity  de¬ 
pends  upon  both  the  migration  energy  and  upon  the 
aasociation  energy  of  the  trape,  and  other  factors 
may  also  be  involved  since  ions  are  brought  into 
and  out-of  the  sample. 


Fig.  6.  The  apparent  ionic  conductivity  is 
plotted  as  log  (oT)  versus  1000/T  for  sodium  and 
hydrogen  electrodiffusion  runs  on  samples  from 
bar  PQ-G. 

Conclusions 

Both  the  OH'-related  defects  which  give  rise 
to  infrared  bands  at  3585,  3437,  and  3400  cm~*  and 
the  aluminum  content  increase  with  the  growth  rate 
of  a  quartz  stone.  Therefore,  the  slowest  growth 
should  yield  the  highest  quality  material.  Since 
all  quartz  contains  some  aluminum,  eleccrodif fusion 
to  replace  the  alkali  with  hydroqen  will  improve 
its  performance.  Alkali  ions  can  be  swept  into 
as-qrown  quartz  usinq  the  appropriate  salt  as  a 
source  and  a  vacuum  atmosphere.  Also,  it  has  been 
shown  that  Na4  and  Li+  ions  can  be  interchanged. 
Hydroqen  can  be  swept  in  usinq  either  a  H2  or  an 
air  atmosphere  and  the  electrodi ffusien  of  protons 
requires  a  much  larger  applied  electric  field  than 
i  ■  needed  for  alkalis.  Both  hydrogen  and  alkali 
electrodi f fusion  have  been  shown  to  be  thermally 
activated  processes  and  activation  energies  have 
been  measured. 
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Summary 

Synthetic  quartz  crystals  are 
traditionally  grown  from  a  crystalline 
nutrient.  Most  of  the  present  crystal 
growth  is  from  natural  quartz  nutrient 
imported  from  Brazil.  This  material  is 
handpicked  for  quality  but  does  have 
limited  purity  levels.  The  raw  material 
mav  or  may  not  contain  levels  of  impuri¬ 
ties  that  are  detrimental  to  the 
intended  purpose  of  the  qrown  crystal. 
Impurity  concentration  and  species  of 
natural  lascus  are  not  uniform  or 
consistent  even  when  produced  from  the 
same  source  of  supply.. 

A 

This  work  reports  a  comparison  of 
crystals  grown  in  1978  from  a  fused 
siiica  nutrient  and  crystalline  nutrient 
in  a  new  autoclave  to  those  recently 
grown  in  the  same  aged  autoclave. 

Several  crystal  characteristics  will  be 
discussed. 


Introduction 


The  growth  of  synthetic  single 
crystal  quartz  has  evolved  to  giant  pro¬ 
portions  with  the  increase  in  our  tech¬ 
nological  way  of  life.  Hundreds  of 
thousands  of  pounds  of  quartz  crystals 
are  used  by  the  communications  (including 
CB  radio) ,  telephony,  electronic  watch, 
and  frequency  and  time  standards  indus¬ 
tries.  The  demands  of  these  technologies 
for  synthetic  quartz  crystals  have  pushed 
commercial  sources  beyond  present  capaci¬ 
ties,  both  with  respect  to  quantity  of 
crystals  grown  and  the  need  for  ever 
Increasing  quality.  Most  of  the  present 
synthetic  material  is  grown  from  natural 
crystalline  quartz  nutrient  imported  from 
Brazil.  This  material  is  handpicked  for 
quality  but  does  have  limited  purity 
levels.  This  single-source-of-supplv 


•This  work  performed  at  Snndia  National 
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situation  causes  some  concern  in  the 
industry.  There  are  deposits  of 
crystalline  quartz  materials  available 
elsewhere,  but  they  are  limited. 

With  vast  supplies  of  amorphous 
silica  available  on  this  continent,  it 
would  be  advantageous  if  these  materials 
could  be  used  to  grow  synthetic  quartz 
crystals.  Very  high  purity  fused  silica 
is  now  being  produced  from  these  sources 
of  supply  and  is  readily  available. 
Efforts  to  grow  usable  high  quality 
quartz  crystals  from  an  amorphous 
nutrient  have  not  been  successful.!-4 

Attempts  to  grow  quartz  single 
crystals  using  a  SiC>2  glass  (amorphous) 
nutrient  is  not  a  recent  endeavor.  In 
1946,  both  Nac.ken^  and  the  Woosters^ 
proposed  the  growth  of  quartz  crystals 
using  amorphous  silica  as  nutrient 
because  of  its  very  high  solubility  in 
alkaline  solutions.  Both  were  un¬ 
successful.  Walker4  abandoned  the 
method  in  1947.  The  most  recently 
reported  growth  from  this  nutrient  came 
from  E.  D.  Kolk  et  all  i„  1976.  This 
work  was  directed  at  finding  new  sources 
of  nutrient  materials  and  covered  both 
crystalline  and  amorphous  materials. 
Regarding  the  amorphous  materials,  they 
reported  that  the  quality  was  poor  with 
grown  specimens  exhibiting  many  cracks. 

The  high  solubility  of  fused  silica 
in  caustic  solution  originally  attracted 
workers  to  this  nutrient  and  subsequently 
turns  out  to  be  one  of  the  major  problems 
to  its  successful  utilization.  This  high 
solubility  can  allow  massive  transport  of 
silicate  materials,  resulting  in  un¬ 
controllable  deposition  of  nutrient  on 
the  seed  crystals  as  well  as  being 
responsible  for  significant  spurious 
nucleation  and  growth.  To  compound  the 
problem,  fused  silica  undergoes  a  trans¬ 
formation  from  the  amorphous  phase  to  a 
crystalline  phase  early  in  the  crystal 
growth  procedure.  This  transformation  is 
responsible  for  continually  changing  the 
material  transport  rate  due  to  the  large 
difference  in  solubility4  of  the  two 
separate  SiOj  ohases. 
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These  growth  problems  have  now  been 
overcome  and  several  characteristics  of 
crystals  grown  directly  from  a  fused 
silica  nutrient  are  reported. 

Infrared  Absorption 

The  quartz  crystal  samples  were  10  x 
10  x  1  mm  in  dimension  and  were  cut 
parallel  to  the  AT  orientation.  The 
samples  grown  from  a  crystalline  nutrient 
(Sawyer  Premium  Q)  are  labeled  1-11-3. 
Those  grown  from  a  fused  silica  nutrient 
(Suprasil-2)  in  a  virgin  autoclave  are 
labeled  1-24-3,  and  those  grown  from 
fused  silica  nutrient  in  an  aged  auto¬ 
clave  are  labeled  1-15-3.  The  quartz 
seed  material  was  from  Western  Electric 
ComDany  and  is  labeled  WE. 

Near-inf rared-visible  spectra  of  the 
above  quartz  samples  was  obtained  on  a 
Cary  14  Uv-vis-nir  double  qrating 
spectrophotometer.  Standard  light 
sources  and  detectors  were  employed.  The 
spectra  were  taken  with  an  air  reference 
and  were  subsequently  digitized  and 
normalised  for  baseline  variations  and 
plotted  on  the  expanded  scale  as  shown. 

Figure  1  shows  absorotion  data  in  the 
near-infrared  visible  region  from  4,000 
to  10,000  cm-1.  This  Figure  compares 
crystals  grown  from  a  fused  silica 
nutrient  ( 1  —  16  —  3)  with  crystals  grown 
from  Sawver  Premium  Q  grade  nutrient 
(1-11-3).  A  spectrum  of  Western  Electric 
seed  crystal  stock  is  also  included. 
Absorption  in  this  region  yields  little 
analytical  information  other  than  identi¬ 
fying  broad  general  absorption  zones  and 
impurity  bands.  Combination  bands  at  the 
upper  4000  and  6000  cm-1  region  are 
attributed  to  OH-  bending  and  stretch¬ 
ing.  The  hand  at  •^5500  cm"1  is 
probably  due  to  inclusion  of  molecular 
water.  This  figure  does  show  that  the 
crystals  grown  from  fused  silica  contains 
less  OH”  and  molecular  water  than  those 
grown  from  a  crvstslline  nutrient.  All 
ar  '  higher  quality  than  the  seed  plate 
material  from  Western  Electric. 

Figure  2  compares  rhe  absorption  of 
fusel  silica  grown  quartz  produced  in  a 
■v  i  r  >  i  n  autoclave  (1-24-3)  wi*-h  that  grown 
in  an  aged  autoclave  (1-16-3).  The 
general  OH-  bond  and  stretching  absorp¬ 
tions  are  present  whil  =  the  molecular 
water  band  at  "500  cm-'  is  notablv 
absent  in  both  curves. 

The  FT-IR  data  were  taken  with  a 
Nicolet  7199  Fourier  transform  infrared 
spectrometer  equinped  with  a  liouid 
nitrogen  cooled  KgCdTe  detector.  Th° 


spectra  were  taken  at  a  2  cm'1  resolu¬ 
tion  with  256  inter ferograms  coadded  for 
greater  signal-to-noiae  ratios.  Both 
room  temperature  and  93K  soectra  were 
obtained  while  the  spectrometer  was 
purged  with  Nj.  The  low  temperature 
data  were  obtained  using  a  Beckman  Model 
VLT-2  liquid  nitrogen  cryostat. 

Infrared  absorption  spectra  for  crys¬ 
tals  1-16-3  are  presented  in  Figure  3. 
These  spectra  represent  data  observed  at 
room  temperature  and  at  93K.  Althouoh 
limited  information  can  be  extracted  from 
these  broad  range  curves,  they  do  indi¬ 
cate  areas  of  further  interest.  The  area 
of  major  interest,  3000  to  3700  cm-1  is 
further  amplified  in  Figures  4,  5,  and  6. 

A  comparison  of  IR  absorption  at  room 
temperature  and  at  93K  for  crystals 
1-16-3  is  presented  in  Figure  4.  Lattice 
mode  overtone  absorptions  at  3200  and 
3300  cm-1  are  broad  and  do  not  sharpen 
with  decreases  in  temperature.  Those 
bands  that  do  sharpen  with  decreased 
temperature  are  associated  with  OH" 
stretching  vibrations. 

Man''  of  the  absorption  peaks  have 
been  identified  in  work  published  bv 
Katz^.  The  band  at  3400  cm-1  is 
attributed  to  OH-  in  the  vicinitv  of 
Li+  while  the  band  at  3581  cm-1  is 
due  to  OH-  near  K+.  Lipson  et  al6 
identified  bands  at  3348  and  3487  cm-1 
as  being  associated  with  OH~ . 


In  Figure  5,  the  93K  spectra  are 
presented  for  crystal  1-16-3  and  the 
crystal  grown  From  Sawyer  Premium  0 
nutrient  (1-11-3).  It  is  seen  that  the 
spectra  are  nearly  identical  for  each 
absorption  band.  Verification  of  this 
similarity  is  confirmed  by  a  direct 
subtraction  of  the  1-16-3  spectra  from 
that  oF  the  1-11-3  sample.  This 
difference  spectrum  is  presented  as  the 
lower  curve  of  Figure  5.  This  curve 
indicates  that  the  impurity  levels  of 
these  two  crystal  samples  are  the  sane 
order  of  magnitude. 

Infrared  spectra  for  Western  Electric 
seed  plate  crystals  are  compared  to 
1-16-3  in  Figure  6.  There  are  noticeable 
differences  in  these  bands.  The  Western 
Electric  material  shows  bands  at  3306  and 
3367  cm-1  that  are  identified  by 
Katz15  as  being  OH"  near  Al+3  that 
have  no  alkali  metal  ions  in  the 
vicinitv.  Two  bands,  3470  and  3590 
cm'1,  occur  in  the  western  Electric 
sample  that  are  absen*-  in  all  other 
tested  crystals. 
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Conduct:  i 1 1  v  M^asureafntr, 


Thin  'licks  of  single  crystal  quartz 
cut  norma)  tn  the  AT  orientation  were 
sandwiched  between  evaoorated  A1  elec¬ 
trodes  and  mounted  on  an  A1  support.  The 
sample  is  mounted  in  a  vacuum  chamber  to 
avoid  ^curious  signals  due  to  air  ions. 
The  electrodes  are  attached  to  50  ohm 
coaxial  cables,  so  that  the  bias  can 
appear  on  one  center  conductor  and  the 
signal  on  the  other,  with  the  whole 
system  shielded.  The  current  due  to 
charge  carriers  created  in  the  hulk  of 
the  crystal  by  an  x-ray  pulse  was 
monitored  hy  a  Keithley  602  electrometer 
and  digitized  on  a  Nicolet  Signal 
Averaqer.  The  dose  to  the  sample  from 
the  Febetron  706,  600  koV  pulsed  electron 
beam  x-ray  source  is  calibrated  with  CaF 
thermoluminescent  dosimeters  (TLD)  and 
monitored  on  each  shot  with  a  photodiode 
responding  to  pilot  B  scintillator.  This 
work  is  described  in  more  detail  in  the 
work  bv  R.  C.  Huqhes.^ 

Figure  7  shows  the  potential  well  for 
a  Na  +  ion  which  is  compensating  an  A1 
substitutional.  Ionizing  radiation 
causes  the  formation  of  electron-hole 
pairs  which  can  diffuse  through  the 
quartz  lattice.  Many  holes  will  find  one 
of  these  sites  and  become  bound  to  it 
(the  A  center).  The  alkali  ion  is  now 
free  to  diffuse  down  the  c-axis  channel. 
These  ions  give  rise  to  a  large  delaved 
radiation-induced  current  (DRIC) ,  which 
can  be  monitored  after  a  radiation 
pulse.  There  is  a  rouqh  correlation 
between  the  hardness  of  a  quartz  reso¬ 
nator  and  the  magnitude  of  the  DRIC:  the 
higher  the  DRIC  the  worse  the  performance 
of  an  oscillator  made  from  that  quartz 
sample . 

The  DRIC  from  sample  1-16-3  following 
a  3  nanosecond  x-ray  pulse  is  shown  in 
Figure  8.  The  magnitude  of  the  signal 
and  its  time  dependent  decay  are  similar 
to  unsweot.  natural  z-cut  quartz  which  we 
have  studied  and  indicates  the  presence 
of  a  few  parts  per  million  A1  with  alkali 
compensating  ions.  It  is  expected  that 
quartz  grown  with  smaller  amounts  of 
substantial  Al  imnurity  will  show  a  much 
smaller  DRIC  and  w i 1 ]  prohablv  make 
harder  quartz  resonators. 

Ami  -tical  Results 

The  results  of  chemical  asalvses  are 
tabulated  in  Table  t.  The  materials  3re 
divided  among  three  categories:  liquid 
reagents,  solid  reagents,  and  silicon- 
rich  materials.  Two  of  the  liquid 
reagents  (the  distilled  water  samples) 


were  analyzed  by  induetively-couoled 
plasma  optical  emission  spectrometry. 
Because  of  its  high  sodium  content,  the 
caustic  solution  could  be  more  sensi¬ 
tively  analyzed  bv  flameless  atomic 
absorption  spectrometrv.  The  liquid 
reagents  were  analyzed  by  the  comparison 
of  synthetic  standards  to  the  neat 
reagents  or  by  the  standard  addition  o' 
known  amounts  of  sought  for  elements  t.o 
the  reagents.  Thus,  sample  handling  was 
minimized  and  sensit.ivitv  was  maximized, 

A  report  of  " less-than-or-equal-to" 
indicates  that  instrumental  'actors  or 
laboratory  contamination  limited  the 
sensitivity  of  t.ne  analytical  technique. 

The  solid  reagents  were  dissolved  fn 
distilled  water,  sometimes  with  the  aid 
of  ultrapure  mineral  acids,  ana  analyzed 
by  flameless  atomic  absorntion  or 
induct i velv-coupled  nlasraa  optical 
emission  spectrometry. 

Known  amounts  of  the  analytes  were 
added  to  aliquots  of  the  dissolved 
reagents  in  order  to  obtain  analytical 
curves.  Concentrations  of  analytes 
obtained  in  solution  were  converted  to 
concentrations  in  terms  of  micrograms  of 
analyte  per  gran  of  solid  reaqent  and  are 
thus  reported. 

The  silicon-rich  materials  (suprasil, 
alpha  quartz,  and  the  autoclave  residue) 
were  analyzed  by  (thermal)  neutron  acti¬ 
vation  and  wet  analysis. 

Except  for  etching  the  exterior  of 
the  samples  to  remove  contamination,  no 
sample  treatment  was  required  for  neutron 
activation.  The  samples  were  irradiated 
for  12  minutes.  Longer  irradiation  times 
would  reduce  the  detection  limits  for 
long-lived  isotopes  (e.g.,  of  Fe,  Hi,  Cr, 
and  Ag)  by  a  factor  of  10  or  more. 

Results  obtained  bv  neutron  activation 
analysis  are  indicated  bv  an  asterisk  in 
the  accompanying  table.  For  the 
remaining  elements,  the  samples  were 
dissolved  in  ultrapure  hydrofluoric  acid, 
which  was  subsequently  fumed  off  in 
ultrapure  sulfuric  acid.  The  resulting 
solutions  were  analyzed  by  'lameless 
atomic  absorption  or  induct i vely-coupl.ed 
plasma  optical  emission  spectrometry  for 
lithium,  iron,  and  (for  the  autoclave 
residue)  potassium,  and  aluminum. 

Aluminum  in  the  suprasil  and  the  alpha 
quartz  was  analyzed  by  the  fluorescence 
of  its  8-hydroxy  quinolinate  complex. 

The  aluminum  values  reported  are  the 
excess  over  laboratory  contami nat ion 
corresponding  to  approximately  0.8 
microgram  aluminum  ner  cram  of  samDle. 
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Conclusion 


References 


Although  no  special  procedures  to 
enhance  crystal  purity  levels  were  under¬ 
taken,  it  is  evident  from  the  infrared, 
DRIC,  and  analytical  data  that  crystals 
grown  from  a  fused  silica  nutrient  are 
equal  in  quality  to  the  best  commercially 
available  quartz  crystals.  Crystals 
grown  from  Sawyer  Premium  Q  nutrient 
provides  the  best  available  source  of  raw 
material  for  the  growth  of  synthetic 
quartz.  Crystals  grown  from  this 
nutrient  did  not  exceed  the  quality  of 
the  fused  silica  produced  crystals.  It 
is  shown  that  crvstals  produced  in  a 
virgin  autoclave  do  contain  more  impuri¬ 
ties  than  those  produced  from  an  aged 
autoclave.  This  data  indicates  that 
further  efforts  to  reduce  the  exposure  of 
the  autoclave  body  to  the  caustic  growth 
solution  would  be  advantageous. 
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Figure  1.  IR  Spectra  for  Quartz  Crystals  Grown  from  a  Fused 
Silica  Nutrient  and  a  Crystalline  Nutrient  Compared 
to  Western  Elece  c  Seed  Crystal 
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Figure  4.  Spectra  Comparing  Quartz  116  3  at  Room  Temper 
ature  and  93  K 
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Figure  5.  Spectra  at  93  K  Comparing  Quartz  116  3  with 
Quartz  Grown  from  Crystalline  Nutrient 
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Figure6.  Spectra  at  93  K  Comparing  Quartz  1-16  3  with 
Western  Electric  Seed  Crystal 


Figure  7.  Substitutional  A1^+  ion  with  Interstitial  NA+  Ion 
as  Charge  Compensation 
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Surnary 

The  new  type  miniaturized  GT  cut  quartz 
crystal  resonatcr  developed  by  us  consists  cf  a 
vibrational  portion  and  two  supporting  portions 
incorporated  into  one-body  by  a  photolithographic 
process.  It  is  highly  shock  resistant  and  has 
excellent  frequency  temperature  characteri sties 
ever  a  wide  temperature  range.  It  is,  however, 
impossible  to  avoid  a  distribution  of  resonant 
frequency  of  a  principal  vibration  caused  by  that 
of  dimensions  and  a  distribution  of  frequency 
temperature  characteristics  caused  by  that  of  a 
dimensional  ratio  in  resonator  production.  We  have 
been  developing  a  method  of  adjusting  the  resonant 
irequency  of  the  principal  vibration  and  frequency 
temperature  coefficients  of  the  miniaturized  GT  cut 
quartz  crystal  resonator.  Consequently,  by 
eliminating  weights  disposed  on  a  plurality  Df 
positions  of  a  vibrational  portion  or  by  adding 
weights  on  a  plurality  of  positions  of  a 
vibrational  portion,  wc  have  established  a  method 
of  adjusting  the  resonant  frequency  of  the 
principal  vibration  and  the  frequency  temperature 
coefficients. 

/, 

Introduction 

In  recent  years,  with  the  introduction  of  the 
quartz  crystal  resonator  to  wrist  watches,  the 
tine  accuracy  has  greatly  improved.  However,  since 
most  quartz  resonators  that  are  used  nowadays  in 
wrist  watches  are  flexural  resonators  of  a  tuning 
fork  type  of  +5°X  cut,  an  error  of  5  to  ?0  seconds 
c  month  occurs.  Therefore,  wrist  watches  of 
greater  acruracv  arr  required  in  industrial  field. 
Various  methods  to  upgrade  accuracy  have  been 
experienced  with. 

,'r  order  :c,  realize  high  accuracy  wrist 
wnfrhrs  having  an  error  of  less  than  a  few  seconds 
a  ve<>  ,  wt  have  been  developing  e  GT  cut  quartz 
rr'i'utor  with  t/rn’lenf  frequency  temperature 
rh.f.u  ter  istn  ‘ .  The  conventional  rectangular 
[lane  GT  cut  ouartz  resonator  is  well-known  for  its 
excellent  freeuenry  temperature  characteristics  and 
has  a  frequency  deviation  of  less  than  one  to  two 
ppr  •>  a  tenpp>vture  range  of  T 00  degree  centigrade 
as  a  resu't  <,f  the  coupling  of  twe  extensiona’ 
vibration  rode;  dependent  nr  the  width  ano  length 
dimrnsion  ot  the  resonator. 


•/ 


Using  a  finite  element  method  we  analyzed  a 
form  of  resonator  and  adopted  a  photolithographic 
process  in  production,  to  develop  a  miniaturized  GT 
cut  Quartz  resonator  having  a  new  plane  form,  with 
a  stronger  shock  resistance,  and  equipped  with 
excellent  frequency  temperature  characteristics. 
We  made  a  report  on  this  resonator  at  the  34th 
symposium. 

In  addition,  we  have  also  been  developing  a 
method  of  absorbing  a  distribution  of  resonant 
frequency  and  frequency  temperature  coefficients 
caused  in  production  by  adding  weights  on  a 
vibrational  portion  or  eliminating  weights  disposed 
on  a  vibrational  portion  so  as  to  put  this 
miniaturized  GT  cut  quartz  resonator  to  practical 
use. 


Discussion 


Fig.  1  shows  a  cutting  angle  of  a  GT  cut 
plate.  After  the  plate  is  polished  to  the  desired 
thickness,  a  quartz  resonator  with  a  shape  like 
that  shown  in  Fig,  2  is  formed  by  a 
photolithographic  process,  wherein  an  approximately 
square  vibrational  portion  is  connected  to 
supporting  portions  at  the  center  of  both  width 
sides,  thus  forming  one  body.  Fig.  3(a)  shows  a 
mode  chart  of  a  width  extensional  vibration  of  a 
principal  vibration,  and  Fig.  3(b)  also  shows  a 
node  chart  of  a  length  extensional  vibration  that 
is  coupled  with  the  width  extensional  vibration.  A 
solid  line  indicates  a  static  condition,  and  a  wave 
line  also  indicates  a  vibrational  condition. 

Frequenry  and  Frequency  Adjustment 

A  G1  cut  quartz  resonator  with  excellent 
fry  juency  temperature  cha.racterstic?  can  be 
obtained  as  a  result  of  a  coupling  between  the 
width  extensional  vibration  of  the  principal 
vibration  awe  the  length  extensional  vibration  of 
the  sub-vibration.  Wo  cal’  frequency  1W  of  the 
width  extensional  vibration  mode  the  principal 
vibration  frequency  and  frequency  fL  of  the  length 
extensional  vibration  mode  the  sub-vibration 
frequero.  A  frequency  eouatior,  of  a  GT  cut  quartz 
resonator  having  a  simple  rectangular  shape  can  be 
expressed  as  follows  in  accordance  with  Mr. 
(lakazawa's  findings. 
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. (l ) 

where,  W  :  a  dimention  of  width 

R  :  the  width  to  length  ratio 
y  :  density 

K1  =  P33/P11(  K2  =  Pi3/P11 
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Since  the  resonant  frequency  fW  of  the 
principal  vibration  is  dependent  upon  the  width 
dimension  W  and  also,  the  resonant  frequency  fL  of 
the  sub-vibrational  is  dependent  upon  the  length 
dimension  L,  to  change  the  dimensional  ratio  R  is 
equivalent  to  changing  the  frequency  difference  of 
fW  and  fL. 

The  frequency  temperature  characteristics  are 
dependent  upon  the  coupling  condition  of  two  modes 
of  the  principal  vibration  fW  and  the  sub-vibration 
fL,  the  coupling  intensity  can  be  determined  by 
mutual  vibration  efficiency  and  each  value  of  the 
resonant  frequencies,  that  is  to  say,  the  frequency 
difference  of  two  vibration  modes.  Therefore,  in 
order  to  represent  the  frequency  difference 
thereof,  we  defined  the  normalized  frequency  5"  at 
follows : 


-  f. 

&  =  - -  X  100  (%)  . (2) 


With  respect  to  the  new  type  CT  cut  quartz 
resonator  developed  by  us,  additional  articles  of  a 
dimensional  ratio  and  so  on  are  needed  on  account 
°f  the  two  end  supports  as  compared  with  the 
conventional  type.  And  after  the  addition,  the 
theoretical  relationship  among  the  various  factors 
and  frequency  is  in  agreement  with  the  experimental 
results.  The  resonant  frequency  fW  of  the 
principal  vibration  is  very  dependent  on  the  width 
dimension  W  and  furthermore,  is  determined  by  a 
cutting  angle  and  a  dimensional  ratio.  It  is 
impossible  to  avcid  a  distribution  of  these  factors 
during  production  of  the  width  dimension  results  in 
a  large  distribution  cf  the  resonant  frequency  fW 
ot  the  principal  vibration.  As  a  method  to  reduce 
the  distribution  of  the  resonant  frequency  fW  of 
the  principal  vibration  and  to  adjust  the  resonant 
frequency  fW  efficiently  and  accurately,  we  thougnt 
cut  an  adjusting  method  by  adding  or  subtracting 
weights  or  the  vibrational  portion.  As  to  the 
petition  of  weights  they  can  be  disposed  on  end 
portions  ot  the  length  side,  in  the  vicinity  of  the 
rrdal  poin*  cf  the  length  side  mode,  ana  in  the 
vicinity  of  corners  of  the  vibrational  portion,  in 
which  a  distortion  of  the  wdth  vibration  is  very 
rna1t,  and  the  amplitude  of  the  vibration  is  large. 


Adjustment  of  F-T  f haracter’stics 

The  CT  cut  quartz  resonator  has  excellent 
ruble  i  urve  f requerry-temper ature  characteristics 
a'  a  remit  of  the  coupling  of  the  principal 
vibration  fW  and  the  sub-vihration  fL.  The  factors 
determirirg  this  coupling  condition  are  the  cut 
angle  and  :hr  dimensional  ratio  R.  In  particular, 
since  the  dimensional  ratio  P.  is  the  main  factor 
contributing  to  the  frequency  toriperaturr 
characteristics,  a  distribution  of  the  dimensional 
ratio  ir  production  can  cause  a  distributing  of 
frequency  temperature  characteristics. 


6  is  a  function  of  the  dimensional  ratio  R  and 
cut  angle,  the  optimum^  is  to  all  intents  and 
purposes  determined  by  the  dimensional  ratio. 

From  these  results,  we  estimated  that  it  might 
be  possible  to  adjust  frequency  temperature 
coefficients  by  changing  the  normalized  frequency  £ 
,  in  other  words,  by  changing  either  of  the 
resonant  frequencies  of  the  two  vibration  modes  cr 
both  resonant  frequencies  thereof.  We  thought  that 
it  would  be  possible  to  adjust  frequency 
temperature  coefficients  in  the  same  way  as  with 
resonant  frequency  adjustment.  In  case  of 
adjusting  the  resonant  frequency  and  frequency 
temperature  coefficients,  it  is  of  great  importance 
to  find  out  whether  it  is  possible  to  adjust  the 
resonant  frequency  and  frequency  temperature 
coefficients  independently,  namely. 


(1)  if  it  is  possible  tr  adjust  frequency 
temperature  coefficients  without  changing 
the  resonant  frequency  fW  of  the  principal 
vibration. 

(2)  if  it  is  possible  to  adjust  the  resonant 
frequency  fW  without  changing  the  frequency 
temperature  coefficients. 

Therefore,  the  key  point  to  development  may  be 
if  the  positions  of  weights  satisfy  either  of  the 
abeve-mentiered  methods. 


Experimental  Rest. lj_s 


In  ordei  tr  determine  the  optimum  position  it 
weights  for  an  adjustment  ei  the  resonant  *rt,quenCy 
and  frequency  temperature  cerff irients  ,  we  actually 
manufactured  resonators,  and  conducted  ar 
experiment.  The  consequent  results  explain  d 
as  follows. 
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f i  equer.iy  Adjustment 

After  thorough  inves‘ iy„i  n  n  of  the  vibration 
nodes  of  the  width  side  and  the  lereth  side  shown 
iii  Mg.  3,  we  conducted  an  experiment  on  the 
positions  of  three  kinds  of  weights  as  shown  in 
Fig.  4.  01  three  kinds  of  weights  by,  C«,  L(,,  the 

weights  W,,  are  positioned  on  the  end  portions  of 
the  length  side  in  the  vicinity  of  a  nodal  lint  AA’ 
of  the  length  sice  vibration,  the  weights  CM  are 
positioned  on  each  corner,  and  the  weights  are 
positioned  on  the  end  portions  of  the  width  side  in 
the  vicinity  of  a  nodal  line  B6 ‘  of  the  width  side 
vibration. 

Fig.  5  shows  a  change  in  the  resonant 
frequency  when  the  weights  W,.,  L(|,  are 
respectively  eliminated.  The  eliminated  euantity 
of  weights  is  represented  by  area  thereof.  Since 
the  frequencies  fW,  fL  to  eliminated  quantity  of 
weights  changes  almost  in  a  straight  line  whichever 
weights  are  eliminated,  it  is  very  easy  to  adjust 
frequencies  fW,  fL. 

Fig.  6  shows  a  S  change  to  eliminated  quantity 
of  wfcights^when  eliminating  each  of  the  weights  W^, 
lM,  Cy.  S  before  the  adjustment  is  zero. 

Fig.  7  shows  the  relationship  hetween  the 
normalized  frequency  £  and  the  first  and  second 
temperature  coeff icier, ts  fll.  ,/3  when  eliminating 
each  of  the  weights  1C,  Lu,  Cy.  There  is  a  firm 
relationship  between  fcT  ana  ,  which  can  be  seen 
as  almost  in  a  straight  line.  However,  the 
quantity  of  change  caused  by  that  of  0 

differs  according  to  the  position  of  the  weights. 
This  is  the  reason  why  the  magnitude  of  distortion 
differs  according  to  the  position  of  each  weights. 

Fig.  8(a)  shows  the  relationship  between 
quantity  of  a  change  of  6  and  that  of  the  principal 
vibration  fW,  when  eliminating  the  weight  C„.  As 
shown  in  this  figure,  there  is  a  close  relationship 
between  the  quantity  of  the  change  of  $  and  that  of 
fW  when  eliminating  the  weights.  Fig.  8(b)  shows 
measurement  values  of  rf>,  (*  to  the  quantity  of  the 
change  of  fW,  as  will  be  apparent  from  this  figure, 
c/Landf3  change  in  a  straight  line  as  the  fW 
changes.  This  shows  the  case  of  the  weight  C„  and 
also  in  the  case  of  the  weights  W„,  L„,  there  is  a 
close  relationship  between  the  Quantity  of  the 
change  of  fW  and 

Fig.  9  shows  a  rate  of  the  frequency  change 
when  eliminating  weights  along  the  length  side. 
The  lower  graph  shows  the  rate  of  the  change  of 
principal  vibration  fW  and  the  sub-vibration  f L , 
when  eliminating  the  constant  quantity  of  weights 
in  the  vicinity  of  the  black  circles  shown  in  the 
upper  figure.  We  suppose  the  rate  of  frequency 
change  to  be  1  at.  zero  position.  A  solid  line 
show'  the  measurement  of  thr  principal  vibration  fW 
ard  ,i  d  itted  lino  shows  that  of  the  sub-vibration 
fL. 

Fig.  1C  shows  quantity  of  a  change  of  the 
first  and  sniT'1  rrdor  temperature  coefficients  o(  > 
p,  versus  ehnnge  o*  Ur.,  rf  the  principal 
vibration  fW  when  el  is  ir.at  irtj  each  of  the  weights 
Shown  in  Fig.  9.  As  will  be  aprarent  From  this 
graph,  wher  eliminating  the  weights  in  the  vicinity 
of  thp  rnnfo,-  „f  ( he  length  <-ide,  the  quantity  of 
the  charge  of  both  d  ,  /3  cf:  fts  to  positive  values, 
nt  t f n  other  hate,  when  eliminating  the  weights  in 
thr  viLinit/  t  .  ts,  conorr*. .  they  shu  t  *e  negative 
value..  F roe.  these  re r  i:  i  t.  s ,  wher  eliminating  the 


weights  in  the  viciri'ty  of  the  riGdle  between  the 
center  of  the  length  side  and  the  corner,  even  if 
the  resonant  frequency  nf  the  principal  vibration 
fW  changes,  che  quantity  of  the  change  of  g(.  ,/<3  is 
zero,  namely,  frequency  temperature  rha racterrst ics 
do  not  channe.  From  Fig.  10,  it  will  be  undefttood 
that,  according  to  frequency  temperature 
characteristics,  after  adjusting  the  frequent} 
temperature  coefficients  by  an  elimination  ot  the 
weights  in  the  vicinity  of  the  center  of  the  length 
side  or  thr  weights  in  the  vicinity  of  the  corners . 
it  is  possible  to  adjust  the  principal  vibration  fW 
without  changing  the  frequency  tev  iperature 
characteristics.  Therefore  we  car.  say  the 

relationship  between  frequency  and  temperature 
coefficients,  in  case  of  eliminating  weights  has 
been  explained,  but,  inversely  it  is  needless  tr 
say  it  is  also  possible  to  adjust  them  in  case  of 
adding  weights.  In  this  case,  the  relationship 
between  the  change  of  '"reouency  and  ,/3  becomes 
inverse  at  a  plus  or  minus  sign,  when  compared  wi*h 
the  method  ^or  eliminating  weights. 

Fig.  11  is  an  example  of  frequency  temperature 
characteristics  obtained  after  adjusting  frequency 
temperature  coefficients  and  resonant  frequency. 
Wave  lines  are  examples  cf  resonator  frequency 
temperature  characteristics  obtained  after  a 
photolithographic  process,  and  solid  lines  show 
freouency  temperature  characteristics  obtained 
after  adjustment  of  resonator  frequency  temperature 
coefficients. 

Photo  1  shows  an  oscillator  j^cluding  a 
resonator,  which  has  a  length  of  3.5  ,  a  width  of 

1.6  ,  and  a  thickness  of  0 . 05r  ,  developed  by  us. 

The  main  characteristics  of  this  design  arp 
summarized  as  follows: 


(1)  frequency  2.097152 

(2)  series  resistance  80  •n>  _3 

(3)  motional  capacitance  5.5  X  10ZJ  PF 

(4)  quality  factor  174  X  10J 

(5)  shunt  capacitance  2.4PF 


Conclusion 


We  have  basically  confirmed  it  i(  entirely 
possible  to  adjust  frequency  temperature 
coefficients  and  ’he  resonant  freauenry  o'  the 
principal  vibraticr  fW  without  changinn  frequency 
temperature  characteristics  in  the  same  way  By 
eliminating  weights  placed  on  a  vibrational  portion 
cr  by  adding  weights  or  a  vibrational  portion. 

Therefore,  as  a  consequence  we  car:  say  that  it 
•'s  possible  to  manufacture  GT  cut  quartz  resonators 

ir  miniaturized  form  with  excellent  freouency 
temperature  temperature  characteristic’.  In  the 
rear  future,  we  expect  to  'ee  a  miniaturized  GT  cut 
quartz  resorator  used  ret  only  fnr  wrist  watches, 
tut  also  fnr  consumer  prxriurts  reauicing  h  i  q  I 
accuracy . 
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Fiq.  1  An  orientation  of  cut  of  GT  plate 


Supporting  Vibrational  portion  Supporting 
portion  portion 


Fig.  2  A  concrete  shape  of  a  GT-cut 
quartz  resonator 


(a)  W-E  mods 


(  b)  L'  E  mode 


Fig.  3  Displacements  of  W-E  mode  and  L.-E  mode 
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The  application  of  an  electric  DC  field  on 
i  quartz  crystal  resonator  induces  a  fast  varia- 
:ion  of  the  resonance  frequency  followed  by  a 
slow  quasiexponential  decay  typical  of  ionic  impu- 
'ity  relaxation  iJ.  Kusters,  FCS  1970).  The  fre¬ 
quency  variation  under  the  DC  field  was  interpre¬ 
t'd  in  terns  of  an  eieetroelastio  effect  corres¬ 
ponding  to  a  change  of  the  elastic  constants 
through  nor.  linear  p ;  ez.oolec  tr  ic  i  ty  y  K.  Hruska , 


storting  iron  general  ro  tat:  i  on  a  1 1  y  inva- 
■  i  ■  1 1 :  t  nonlinear  el  ect  rod  ist  i  c  equations  for 
'.'’ail  fields  superposed  on  a  bios  1  J  .  C  .  i’aun- 
j  user,  I'.F.  Tiersten,  CASA  be ,  • » ,  ar.d  us:  nr 

he  experimental  data  on  the  e ] retrod as t i c  d- 
•s-t.  available  m  the  literature,  the  values  of 
independent  components  of  the  material  elee- 
■roel  art :  >■  tensor  are  obtained. 


These  impurities  can  dp  characte  ized  t,y  difie- 
rent  methods,  e.g.  infrared  spectroscopy,  magne¬ 
tic  resonance,  acoustic  losses  and  conductivity 
measurements,  etc...  Another  method  is  proposed 
which  could  have  the  advantage  of  being  mere  aim. 
ply  carried  out.  This  method  is  based  on  the  dif 
fusion  of  the  impurities  under  a  DC  field,  the 
frequency  shift  coming  fro*-  the  nonlinear  ele-tr 
elastic  effect  is  used  as  a  probe  to  point  out; 
the  impurity  relaxation.  In  principle  the  nat-.re 
and  the  '  onrentrat  i on  •••f  impurity  can  respective 
l.v  b**  deduced  from  the  relaxation  time  ■  or  t  he¬ 
re*  1  a  t  e«i  ac  t  i  vat  i  on  energy  1  and  t  h*-  re  1  a x a  1 1  <  ■; .  a . 

{  li  tilde.  rut  such  an  approach  need;  a  mod..-; 
both  frequency  PC  field  effect  and  irpurity  . 

si  or.  process.  But  the  first  part,  involve.,  ? 

•  h  i  rd  order  d  octree  1  ast.i  r  constant  7  v* 

!-o  *.-nt  ir'ly  determined,  and  this  was  t  ho  :.r  • 
tasK  of  this  study. 

General  el ectroelast i c  r  qu.at.  sen.-- 


Then  this  tensor  is  used  to  calculate  the 
;ency  shift  of  a  resonator  submitted  to  a  i  ■’ 
ag*'  superposed  f>n  the  vibration.  The  slow  de- 
■f  t  .l j re  j  u.arice  frequency  can  be  studied  t  v 
s  :  a  "n  id  of  ionic  impurity  diffusion  in- 
ur*- i  in  the  electroelastic  equations.  It.  is 
n  how  the  s tea  ly  state  frequency  shift  at 
taut  T<"  voltage  can  be  related  to  the  impuri- 


:-•*  i..  ir»*-  *.•».*  -f  ♦is**  r'M-'ix.'it  ;•  ::  t  » roue 
offers  a  pens.:  .  i  ;  ty  d  identifying  ♦  h*‘ 
the  i  npuri  1  v(  i  er. '  K*  .  hi**.  Put 

•  f  t.h*'  lack  of  knowledge  in  the  quartz 
attic-*  :  harac  t ,*»r  i  s  1 1  r.u  f  do  forma  t  ion  p*'- 
-*iis  a  r-r*-*e a  1  : 1  iv»t  i  >n  will  he  ue<  ossn- 


The  material  coeffi  c  i -mts  are  t?.*-  *. 
tal  coefficients  appearing  in  the  scalar  .‘a*.- 
function  us*ad  to  express  the  const  •.  •.-*••  e-ju  »- 
t  1  of  ei  oc*  r.  >ei  ast.  i  c  :  t  v  ‘  :  ff*u'«"r':‘  1  nr- 

r-ssibie  for  this  state  I  a  net  :  ace  f 

i  tvenrodynam  .  variables  u.-e.j.  : 

form  f-'-r  the  present  p  r'  'd'1 1  «  !:-*  1  mbs  •  p  *  - 

t  ini  or  st.  -red  energy  per  uu.‘  -ass y  i  -  ,  oX 

pressed  ter — s  . -  f  the  stra.r  te»is  -r-  •  s*  i 

t  he  ••  I  *.■'•  trie  I  ;  g  1  i  O'  ■'*  ■'*  rrc  :  *  4 !  •  r.  if  ;r  :  . 


td.-o  .  .  3 


\  ■  -b»  -rn  : .  r,d 
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Th«-  ’  pa:-!  I  Mi*  :.«•  .■ \u‘ ff to  i on ts  are 
kit  -am  !;  r  ■  j 1 1 : 1 1 - 1  .  r;,  .!  t  .  »*•■:»}-,  nevertheless,  the 

■. ..  i  i,:  i«;. .  ,'f,  tu  hi«*(1  1 1 .  r  ’  tie.-  «le,-t  i-.if'last  ic  coefficien- 
t ’  by  us  nip  a  piit-u>)i;i«Mi>> lop. icu  1  expansion  of 
Mu-  ••}  t*-ot  1 V"  elastic  .-oftTiv  ients  must  be  used 
a  ;  Mi  >•  iiv,  In  fact  :  tie-  symmetry  of  the  effect i- 
...  t»|  »,•  - 1  r  >t- !  a.  ?i.  •  -  e  ft : ;  out  ■>  defined  by  this 

method  is.  smuili-r  than  the  s\ •••me try  of  the  mate¬ 
rial  i-i't-i' ii.'  if’iit;,  .up; --.an  no.  in  the  Gibbs’s  state 
funct.on  b-'iMil::-'  Uie  biasing  electric  field  lo- 
■a«-'s  tlu  initial  sy-netry  of  the  crystal.  Howe- 
v-r,  the  <-ff.vt:v.-  -  eej  fjv-  ients  of  these  authors 
Mate*  as  if  t  he y  do  obey  the  material 
■’■no  try  ot  Mu  •■rvst.ti.  In  order  t.o  obtain  the 
value  *f  the  material  *• !  erf  r<  •♦*  !  ast  i  e  coefficients 
5  re”  tru*  ■  e.u.urrr.ent  of  the  fr*‘ pienoy  shift  of 
plate  pesoriatoi-..;  submitted  t<  t-atic  electric 
f:el  i  "one  rust  start  with  the  rotationally  inyn- 
riatit  nmiinonr  equations  of  electroelasticity 


r 


i..ki 


l 


The  so  railed  <-*i  !»•  *  i  v-  - 
^  anti  A .  ^  ur*->  not  -»nlv  Tun-  1  ;  th* 

fundamental  'constants  an  j  on  :  *  v  '  r  . :  Ma  ;  ! 
orientation  but  also  on  the  bin  -.in,1  s*.:te 
plate.  They  can  be  set  under  Mi--  i  >[\  -a.; i 


the 


.Votion  and  charge  equations  expressed  with 
reference  or  natural  coordinates  a.  have  the 

i  •  *•  -,r<-  *  1 

■)  i- 

:  *  i  :  1*  {?'■ 


y.' 


3  a 


(  3 ) 


r.  the  P  id  a  Kirch- 
et Metric  displace- 


where  C  ,  ,  e  ,  -  are  the  rert  urivit  uu-  t.-n^;- 

llkt  l'K  IK 

produced  by  the"  static  strain  upon  the  linear 
coefficients.  Although  the  static  strain  is  t. 
negligible,  it  :s  small,  therefore  the  deve]-:- 
nent  of  tne  rod;  Tying  terms  '.an  be  iir,  it**i  t .  •  M  • 
first  order  in  the  static  d  *  sp  I  acemerd  and  p. Mar¬ 
tial  gradients.  ?y  using  the  Male  fuivM;.'r  ■  '. 
the  perturbat i ng  take  the  form 

,  =  -.  v  .  6,  O'  .  6  ,  *  «  *  — 1 

ljkfc  linn  k;  i;n£  nk  :  :>m.  r.j  ,.>:Cr:; 

. 


Ahc-r:  .i--«l:iig  with  small  tdeids  superposed 
»n  a  nias  ;  •  •  \:nver. l <3nt  t<.  split  all  quanti- 

e  -  ‘  e  ■  •  e  ■ 

ties  iiit  •  st  Mi*  a:vl  dynamic  [■'arts.  ljk  ink  jr>  i  jkmr.  3a 


Thus,  -quyt  i ,  >n..;  1  T ''  and  can  be  separa¬ 
ted  i::t  •  static  and  dynamic-  motion  and  char¬ 
ge  equations 

?P  t 

.  ‘ -  '  Mu-cause  there  is  no  acceleration 

i  f^r  the  static  bias'  (4) 

t — -  (  b  ) 


*•  _  * 
i ~  kn 


g  . ,  =  r  e  .  -  e  i  6  .  i  -  *  .  h 

lk  l  Kmn  o  ;  k.  rn  m  K.r 

3  f 

l  kr.  3  a 


i i  y  :  ;  .»  r.i'-c  *  - 


(6  • 


•  tee  equations  can  be 

•  t  ite.  Pv  keeping 

.  n  ■:  i  s;  i  :»*u*rent  and  poten- 
ir  .  --.institutive  equa- 


Thes*-  terms  can  re  *-  >-!S ;  ier^  :  as  \  -."a 
modification  cf  the  i.  rear  •  t  •.  c  ;  *-v  *  >  res 
from  the  static  strain.  There:' u'--  :  t  ; :  --s 
to  obtain  the  frequency  shift  f r  th*--  s  •;  .t 
of  the  unbiased  state  ry  ippl y  .r.g  .»  :«t*  s:s  i 
method . 


Frequency  -?hift  f  ti.>; 
submitted,  te  T  '  1  .  ♦ 


The  unperturbed  s  dut:  't;s  .e.  if 
from  equations  » 8 '  and  *  wu**^  A  . 

A  .  are  reduced  to  th^ir  li!;e»r  *  b ^ ; 
-ik 

i  i  „  ,  e  .  and  f  ,  respect :  ve .  \  .  u- 
.i'kl  ..ljk  ...  ik  : 

tjrtns  oi  an  infinite  plate  .  :  tf.i  >u.-  - 

main  faces  which  are  normal  M'  ♦  h*1  i;r 
and  traction  and  charge  fre^  r ; g . 

w^l  1  Known  that  there  are  Mtco  " "  i*-'s 
propagate  ,r.  ‘he  -ei-.u-. 
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The  unperturbed  mechanical  displacement  and 
electric  potential  of  each  mode  can  be  written 
„  t 

u  .  =  U  .  e  ( 14 ) 

J  J 

v°  (15) 

4>  =  *  e 


All  the  other  terms  expressed  with  respect 
to  these  axes  will  be  consistently  denoted  with 

the  same  "prime".  Let  p .  .  be  the  transformation 
11 

matrix 


a  '  =  p .  .  a  . 
i  *  J  3 


where  the  eigenfrequency  t*>  is  related  to  the  ei¬ 
gen  velocity  by 


The  normal  n ^  is  along  a^  so 


u»  -  (2p  ♦  1) 


The  eigenvalue  and  eigenvector  of  the  node 
wi3. 1  be  denoted 


X  =  o  V2 
o  o 


and  i ^  respectively. 

The  frequency  shift  of  the  resonator  submit¬ 
ted  to  a  static  bias  defined  by  the  difference 
between  perturbed  and  unperturbed  frequencies 


The  expression  of  the  frequency  shift  does 
not  depend  on  the  chosen  set  of  axes  and  because 
of  the  infinite  extent  of  the  plate  in  the  direc¬ 
tions  aj  and  displacements  and  potential  do 
not  depend  upon  these  variables.  In  the  plate 
axes,  the  integration  over  the  entire  volume  of 
the  crystal  reduces  to  integration  with  respect 
to  at,  between  -h  and  -*-h.  By  using  equations  »  1  V* 
and  after  some  transformations  it  is  possible  to 
express  the  frequency  shift  as  a  function  of  the 
material  coefficients  given  the  rectangular 
crystallographic  set  of  axes  and  the  biasing 
static  displacements  and  potential  gradients  gi¬ 
ven  with  respect  to  the  plat.e  axes 


•'•an  he  obtained  from  the  perturbation  relations” 
. n  which  second  order  terms  are  neglected 


-  ,  *h  ~  3  IT 

-  =  l  (c 

u-  2  X  n  ,  m  3a, 
o  -h  ? 


2  °  -  ,  . 
cos  — —  da 


'c  .  A.  ///  U°  d  V  ^ 
a  o  y  J  J  '(> 

3ti°  3  0°  ai° 

1 '  \  l  1  k H  3a  3a  *  ' ei  \  j  3a  3a„  '  1  '  * 

■0  l  i  i  1 

■Vo  XQ  e 
-  3t_  30  .  (■ 

kt  3ri  3  a.  o 
l  k 

s 

where  V  is  the  effective  volume  of  the  under for- 


6,  c 

mn  n  t 


.  T  (  T\  £. 
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(25) 


Substituting  equation  (34)  into  (2?)  yiHd:-: 


•  -  ('  . . ,  n .  n, 

.ii  ljlk  i  k 


t  a  +  h  .  ““ ,  w  a 

Au>  1  ,  n  .  „  .  f  90  j  O  <- 

—  =  (D  ~  c  >  /  T7T  ros  — — 

u  n  m  m  ,3a..  - 

o  -h  2 


.  .  „  =  c .  ..  „  n.  ii.  n 

j£n  ljkann  i  k  m 


v  . .  .  n .  n,  n 

1  nujki  l  k  m 


This  equation  holds  when  the  strain  does 
not  notably  affect  the  distribution  of  the  poten¬ 
tial  in  the  crystal  if  the  electromechanical  cou¬ 
pling  factor  is  small.  When  the  static  field  is 
homogeneous,  replacing  the  potential  gradient  by 
its  value  (35)^g^es  the  so  called  electroelastic 
(or  polarizing  )  effect 

(  — )  =  t  (o  1  c  -  D )  Me: 

«  I  H  2X  m  m 


Determination  of  the  electroelastic  coefficients 
from  the  measurement  of  the  electroelastic  effect 


The  relation  between  frequency  shift  and 
applied  DC  field  needs  the  static  displacements 
and  potential  gradients  (see  Eq.(22)).  The  static 
strain  is  small  enough  so  the  gradients  can  be 
obtained  from  the  linear  equations  of  piezoelec¬ 
tricity  applied  to  the  infinite  plate  of  Fig.  2 
whose  faces  are  traction  free  and  submitted  to  a 
static  potential  difference 

$'(-h)  s  0  and  <t>  *  i*h)  =  133) 

o 

Then,  the  static  displacements  and  poten¬ 
tial  gradients  take  the  following  form 

3u* 

— 2  =  -  o'  (34) 


3$ '  _ 

3a'  ~  2h 


-*  ar-  the  components  of  the  matrix  A’ 
where  A'  1  is  the  inverse  of  the  matrix 


r  • 

C' 

6o 

26 

r ' 

r  • 

26 

'  22 

r  • 

o i , 

L 4,1 

"24 

D  and  C  previously  defined  contain  the  li¬ 
near  and  nonlinear  material  coefficients  among 
which  electroelastic  and  electrostr ic t i ve  coeffi¬ 
cients  are  unknown.  The  electrostnctive  coeffi¬ 
cients  will  no  longer  be  considered  here  because 
they  appear  to  have  a  negligible  contribution  to 
the  electroelastic  effect.  This  assumption  is  sup¬ 
ported  by  the  fact  that  elect.rostriction  is  an 
even  function  of  the  applied  electric  field  which 
induces  a  frequency  shift  whose  sign  does  not  de¬ 
pend  on  the  positive  or  negative  direction  of  the 
applied  field,  while  the  odd  electroelastic  ef¬ 
fect  does  depend  on  it  ;  as  a  consequence,  fre¬ 
quency  shift  must  show  some  difference  when  inver¬ 
ting  the  direction  of  the  field  if  electrostr  na¬ 
tive  effect  is  involve^.  But  experiments  do  not 
show  such  a  difference  .  Electrostriction  is  a 
quadratic  function  of  the  applied  electric  field, 
and  the  plot  of  frequency  vs.  electric  field 
could  show  a  parabolic  curvature.  IndeecJ  go^p^pe- 
ciable  departure  from  the  straight  line“,'~* 
is  observed.  As  a  consequence  attempts  to  obtain 
electrostrictive  coefficients  from  the  measure¬ 
ments  of  the  electroelastic  effect  have  no+  led 
to  consistent  results. 

Finally  the  third  order  dielectric  permitti¬ 
vity  wh<j>j|e  numerical  value  were  obtained  by  other 
methods  appears  to  have  no  practical  importance 
in  the  electroelastic  effect. 

Solving  equation  (38)  for  the  unknown  elec¬ 
troelastic  coefficients  e.  „  gives  relations 
_  _  ljktmn 

of  the  form 


^ijktrr  eijktm  ^ w  f 


L  is  the  applied  static  electric  field. 


F  =  n .  n  n  ( 2r  c  -  K  1  t 

l  jktm  l  j  k  t  f  rr 
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S  is  the  sum  of  five  terms 


S  =  M  +  N  +  P  +  Q  +  R 


(4?) 


where 


M  =  o .  n .  r  (6 

i  J  Jk  lk 


21.  I,  ) 
i  k 


(43) 


(2nd  order  elastic  constants) 


N  =  o .  r.  I  l. 

l  ljk  j  k 

(3rd  order  elastic  constants) 


(44) 


p  -  Y.  n.  ( 2r  o.  l  .  -  1)  (45) 

ii  J  J 

(2nd  order  piezoelectric  constants) 

3  -  r  e  ( c ' r  -  2n . 4 . )  (46) 

o  2  ii 

(2nd  order  permittivity) 

fl  =  -  r*  «  (47) 

(3rd  order  permittivity) 


Because  electroelast ic  constants  are  mate- 
r i a  1  coefficients  they  obey  the  material  symmetry 
of  the  crystal.  When  using  matrix  notation  it  is 
well  known  today  there  are  8  independent  electro- 
elastic  constants  among  the  23  non  zero  constants 
for  quartz. 

the  **xpei* i merit  a  1  measurements  of  the 
eltj'.-^r ->el  ast  i«'  effect  available  in  t^e  literatu¬ 
re''  "■  >  equations  corresponding  to  various  cuts 
and  v  2nr.it  i  on  nodes  were  solved  to  determine  the 
8  independent  <»  ler  true  i  ar-t  i  c  coefficient::. 


Table  1 

i  nde;.#*ndent  material  ole,  traolast,. 
•  t  i  •  i  ent  %  l’-r  right  h.ind  juar»  / 
(  ii'ii  t  :  at  2-**V 


By  using  a  least  squares  method,  the  re¬ 
sults  of  Table  I  were  obtained  with  a  mean  squa¬ 
red  error  of  about  7%.  The  given  uncertainty  were 
calculated  assuming  an  experimental  error  of  -  5% 
on  the  electroelastic  effect  measurement,  f'ni  c  a  t  ra¬ 
tions  were  carried  out  for  right  hand  quartz  it 
?0°C  following  the  IEEE  Standard  1‘7»-  for  platen 
orientation  .  Note  that  the  relative  uncertainty 
is  less  than  10%  except  for  e  ^  and  because 

these  two  coefficients  could  nave  played  a  minor 
role  in  the  cuts  which  were  used. 

As  a  verification  and  in  order  to  compare 
the  prepent  results  with  previous  ones  given  by 
Hruska  J,  the  electroelastic  effect  (Abi/u  E)  was 
plotted  using  the  calculated  electroelastic  coef¬ 
ficients  of  Table  I  in  equation  (38)  for  cuts 
(yxwR.)  ,  and  for  the  three  modes  of  vibration 
(Fig.  3'.  The  shape  and  magnitude  of  the  curves 
thus  obta^ged  are  very  close  to  those  published 
by  Hruska  using  his  own  coefficients  and  rela¬ 
tions.  This  comparison  shows  that  the  phenomenolo¬ 
gical  coefficients  ^nd  relations  stated  by 
Kusters  and  Hruska  give  the  right  magnitude  of 
the  electroelastic  effect  even  if  they  cannot  be 
used  without  care  for  evaluating  other  phenomena 
whege^lect.roeiastic  coefficients  are  invol¬ 
ved  ‘  ’  .  In  fact,  in  these  phenomenological  coef¬ 

ficients  the  electroelastic  part  and  th^  nonli¬ 
near  elastic  part  are  not  separated.  This  can  t< 
also  obse*  ved  in  Table  IT  where  the  cent r itiut i oris 
of  the  different  coefficients  are  separately  ci- 
ven  (see  Eqs.  I  43  M  47 i ) . 


mode 


!  2 


oh  H 


It'  ^ ‘  m/V 


.  3 1 


-  1.  > 


t 
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( a ) 


(b) 


9=0° 


(c) 


ffect  for  plates 
■xw  i  ) 


node 


Impurity  di  fi  us i on  in  quart/ 

The  most  common  interpretation  <>:  t  ri-  , «,? 
conductivity  in  quartz  assumes  that  :>o:rv  .u 
atoms  are  replaced  by  A!  assoc  i  at  »-<i  / 1 1  h  a  t»< 
valent  cation  ( Na  ,  Li  ,  K  ,  a-hieving  <.  h; 

ge  neutrality  in  the  crystal1  .  When  submitted 
a  DC  field,  cations  diffuse  in  the*  crystal  to¬ 
wards  the  negatively  polarized  electrode  Jeavn 
behind  them  uniformly  distributed  negative  chai 
ges .  Only  one  kind  of  impurity  is  diffusing.  If 
one-di  mensional  crystal  ,  as  :onsider<  d  here, 
over  it  is  assumed  that  impurities  » an  neither 
enter  nor  leave  the  crystal  (blocking  eieftr*.,— 
desl.  So  the  net  total  charge  of  the  crvslal  i: 
always  zero.  For  convenience  the  ca ]  ~u J at  1 ons  : 
performed  using  a  set  of  axes  bounded  to  t.h»-  cj 
tal  denoting  for  simplicity  »'x  t.h*-*  axis  n^rr-i! 
the  plate  (instead  of  0a'  previously  used  . 

Assuming  an  uniform  initial  impurity  o-ru 
tration  n  the  steady  state,  reached  when  t  h<- 
purities  are  in  the  new  equilibrium  p. -sit  ions  ; 
der  the  DC  field,  is  described  t»v  t  h**  following 
equations 


pE  dp 


dE 

dx 


dx 

P  - 


0 


n 

o 


e 


E  = 

:i 
'  T 


with  the  following  boundary  ?ondit’.ons 

$( -h  '  =  D  ,  t < -h  -  =  $ 

♦  h 

/  pdx  =  «?  h  n 
u  o 


where  p(x»  is  the  local  concentration  of  the  w 
ving  cations,  E(x)  and  $(x)  the  local  el^.'tr,  • 
field  and  potential,  e  is  the  electron  charg". 
the  permittivity  of  the  crystal  lr.  the  x— iirec- 
tion,  the  thermodynamical  potential  defining 
the  Einstein’s  relation  (51:  between  diffusion 
constant  D  and  nobility  u.  Eq.  '48'  expresses  • 
re  is  no  ionic  current  in  the  steady  state  and 
Eq.  (491  is  Gauss's  law.  By  using  the  above  re) 
tions  it  can  he  snown  that  the  potential  4'x 
solution  of  a  nonlinear  second  order  different, 
equat ion 


d 3  $ 
dx; 


n  e 

o  .  .  .  e 

-  -  p( -h  i  —  exp 


&  i  x 


If  the  thermodynamical  potential 
(U^-26  mV  at  300K )  is  much  smaller  than  the  ap¬ 
plied  DC  potential  (typically  $  -  5->'  V  ' 

Eq.  (54)  reduces  to 

.  n  e  $ 

d'  ♦  o  j  ♦ 1  x 

dx*  ‘  l'T  't 
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It  is  possible  to  obtain  an  approximate  so¬ 
lution  for  the  steady  state  potential  when  the 
following  condition  occurs 


no  8eh* 


This  conation,  which  approximately  corres¬ 
ponds  to  n  >10  impurities/m  for  &  *  500  V  and 

2h  •  0,6  mm  is  almost  already  fulfil?ed  in  practi¬ 
cal  cases.  In  such  a  case  the  total  charge  concen¬ 
tration  p(x)»(p(x)-n  )e,  the  electric  field  E(x) 
and  the  potential  $(x)  have  the  shapes  showed  on 
Fig.  4  a,b,c  respectively.  Then  it  appears  that 
the  crystal  can  be  shared  into  three  2ones  (see 
Table  III),  zones  I  and  III  practically  present 
uniform  charge  concentration  corresponding  to  li¬ 
nearly  varying  electric  field  and  quadratic  varia¬ 
tion  of  potential.  Zone  II,  where  charge  concen¬ 
tration  and  electric  field  both  are  cl^se  to  ze¬ 
ro,  corresponds  to  a  uniform  potential. 


- r 

Zone  I  ! 

Zone  1 1 

Zone  III 

1 

?2cu*  : 

l2c* 

,  '  /  o 

1 
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1  n  e*  i 

loo  \ 

1  ?  j  n  e 

i  0 

1  x  _  ^  x  ♦h 

1 
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«  i 

1 1  1  o  . 
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o  uT  , 
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,  n 

o  =  -  n  e 
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F  ( <?  )  s  O 

i  ,  ^  v  n  e 
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1 

?no-  e  *o 
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»  -  ! x»h  > '  1 
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1  2  ...  o 
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1  '3' 

♦  -ij.  *  — —  <  h-x  1 

1 

-  Fo  (x‘hl  ; 

_ L 

T 

.  K  1 h-x 1 
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I 

Table  III 

Charge  concentration,  electric  field  and  potential  distribution  for  n  crystal  of 
thickness  ,’h  submitted  to  a  potential  difference  $  after  the  steady  state 
is  reached  when  $  and  <t>  M°h7  t  <-.ee  tig.  -1  > 
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L*rv- 

sr.i 


•  ti-atiy  st  it>>  frequency  shift 

H'-i’iri;-.**  Hu-*  •»lrtr tromec:ha;iiral  coupling  fac- 
sr.ill  in  quartz,  one  can  consider  that  at 
st  in  first  approximation,  the  repartition  of 
»*nti  il  d.-^s  not  depend  on  the  modi  f  ication  of 
..t-i'.j.n  duo  to  diffusion.  In  such  a  case  equa¬ 
ls  ■  1  <l>>,  (  *7)  and  (18)  with  the  notation  of 
coding  section  enable  to  express  the  frequency 
ft  und'-r  the  following  form 


Av  .  .J  ,  3  ♦  (  X ,  t ) 

—  1 1  '  T~  y  — )  I  — ^ 

\>  H  -h  3X 


dx 


(57) 


tild  be  the  initial  frequency 
is  no  diffusion  and  3$(x,t)/3x 
gradient  during  diffusion  pro- 
Fig.  5  siows  the  observed  quasi-exponential 
piency  shift. 


, ,  . . ,*  H 

!  '  wn*m  thor 

t  h*‘  p.d  ent  i  a 


Fi«.  5 

Frequency  shift  of  a  resonator  submitted  to 
a  DC  electric  field  at  time  t 


(A../-* 


H 


initial  frequency  shift  due  to  the 
electroelastic  effect 

frequency  shift  after  diffusion 
corresponding  to  the  steady  state 


Th*»  frequency  shi  ft  can  be  obtained  when 
'll  electric  field  is  known  either  numeri- 
iri  fhe  central  case  or  analytically  with 
pr-oxiiTfitp  steady  state  solution  summarized 
I**  III  from  which  the  following  result  is 


(58) 


presents  the  steady  state  frequency 
r. met  ion  of  the  impurity  concentrat ion 
'v<’  shows  how  the  impurity  concentra- 
det^rnined  from  the  amplitude  of  the 
d  the  e lee trnel astir  effect. 


1 


<— )D  /  i-)H 

D  u  H 


0.5 


, ,rt18  .  .  3 

(iO  imp./iTt  / 


Fig.  6 

Frequency  shift  after  the  steady  state  of  diffusion 
is  reached  :  (fiw/ui  )  referred  to  the  frequency 
shift  withou?  diffusion  :  (Aw/w  ) 

Solid  line  corresponds  to  the  numerical  solution 
obtained  by  solving  Eq .  (55)  by  relaxation  method 
and  then  using  the  result  to  carry  out  the  integral 
of  Eq.  (57).  Dotted  line  corresponds  to  the 
approximate  solution  (58)* 


The  method  will  be  most  sensi tiv^when  tlpg 
impurity  consent  is  in  the  range  of  10  to  10* ‘ 
impuritjgs/m  .  However  values  obtained  by  other 
methods4  typically  indicate  impurity  concentra¬ 
tion  of  the  order  of  magnitude  of  one  to  ten  ppm 
Si  for  c^Jionic  ajgnovalent  impunities  ;  that  is 
about  10  to  10  impurities/m  .  This  fact  is 
easily  explained  if  it  is  remembered  that  only  a 
small  part  of  the  impurities  are  ionized  at  roor 
temperature,  furthermore  the  ionized  impurity  con¬ 
centration  must  increa^|  with  temperature  follo¬ 
wing  an  Arrhenius'  law 
w 


a  N 


V 


where  W  is  the  ionization  energy  and  N  a  cons¬ 
tant  depending  on  the  concentration  of  Al  substi¬ 
tutions  1  s . 

So  the  strong  influence  of  temperature  on 
the  concentration  appears  when  the  frequency 
shift  after  steady  state  diffusion  is  plotted  as 
a  function  of  the  temperature.  Experiments  perfor¬ 
med  between  30°C  and  100°C  indeed  shows  a  varia¬ 
tion  (Fig.  7)  with  a  shape  very  similar  to  the 
theoretical  curve  (Fig.  6). 
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,  I  (  —  Jn/( - ' 

l  *  w0  D  w0  H 


-2 


Temperature  (°C) 


20  40  60  80  100 


Fig. 

Experimental  frequency  shift  as  a  function  of 
temperature  <F C  cut).  'See  Fig.  *  for  definition 
of  the  vertical  scale.  Crosses  and  circles 
correspond  to  opposite  orientations  of  the 
applied  DC  field 


Because  this  latter  curve  is  obtained  from 
a  one-dimensional  model  of  diffusion  it  does  not 
present  frequency  shifts  ( Aw/<*i  which  after  dif¬ 
fusion  can  have  a  magnitude  greater  than  the  ini¬ 
tial  frequency  shift  as  it  appears  on 

the  experimental  plot.  Even  if  direct  quantitati¬ 
ve  comparison  is  difficult  between  experiment 
and  theory  it  still  shows  this  experimental  me¬ 
thod  used  together  with  a  more  refined  diffusion 
model  can  be  a  very  simple  and  fruitful  tool  for 
th**  analysis  of  impurities  in  quartz  anil  their 
incidence  *n  the  stability  of  quart/  oscillators. 
As  an  example,  an  estimation  of  the  act '/at  ion 
energy  W  from  the  curve  of  Fig.  '  gives  an  appro¬ 
ximate  value  of  W  *  1  ey  which  can  be  compared 
to  the  binding  energies  already  known  from  ionic 
conductivity  measurements  . 

Th->  second  step  in  this,  study  will  tv*  th** 

■  *  1  •  1 1 1 . 1 1  i '  •  n  of  the  transient  diffusion  process, 

.  *:  order  to  evaluate  the  impurity  relaxation  t  i- 
>■  e  ,  i  harac  t  <t  •  st  i  r  of  the  impurity  type.  However 
■•‘.vti  a  <*a  1  fi  1  at  i on  needs  the  knowledge  of  the  d»*- 
formation  potential:.  and  potential  wells  of  the 
•  rvst  a  I  ru*- 1  ure  . 


I'heso  --haracter i sties  are  nut.  known  J or 
plant  z,  htit  some  partial  i  nforma  t  i  on*,  '•an  he  a  1  s- 
■>h  tamed  from  low  temper;*  t  ure  measurement  . 


Impurity  relaxation  at  low  temperature 

The  impurity  atom  can  occupy  two  equili¬ 
brium  positions  ig  a  double  well  potential,  when 
trapped  by  the  A1  *  atom.  <  In  fact  more  than  two 
positions  can  occur).  The  ion  can  jump  from,  or<* 
site  to  the  other  one  and  cross  over  the  poten¬ 
tial  barrier  by  thermal^cti  vat  ion.  Such  a  modei 
was  proposed  by  Stevels  .  Similar  models  of  reso 
nant  absorption  and  relaxation  absorption  in  amor 
phous  solids  were  also  built  up.  They  are  baseq 
on  the  assumption  of  an  asymmetrical  two-level  uy 
t em  with  broad  distribution  of  the  energy  split¬ 
ting.  A  review  can  be  found  in  ref.  22.  The  same 
model  can  be  transposed  to  quartz  crystal. 


The  origin  of  the  relaxation  of  the  impuri¬ 
ty  lies  in  its  coupling  to  elastic  strains 
through  the  deformation  potential.  The  two  states 
of  the  impurity  are  shifted  in  energy  relative  to 
each  other,  and  therefore  the  equilibrium  :s  dis¬ 
turbed.  Then  a  relaxation  process  takes  place  to 
restore  equilibrium.  There  is  a  feedback  to  the 
elastic  wave  which  induces  dispersion  (velocity 
shift  when  the  feedback  is  ir.  phase'  and  absorp¬ 
tion  (attenuation  of  the  wave  when  the  feedback 
is  out  of  phase^'l.  For  a  resonator  they  I* ad  t^ 
frequency  shift  and  finite  0- fact  or.  The  last  one 
can  be  written 

l _ n  T: _ -i 

0  -1  c  v’  k  T  :  -  .  :  T  1 

o  h 


where  n  is  the  number  of  impurities  per  unit  v 
me,  p  the  specific  mass  of  the  crystal,  v  th*1 
sound  wave  velocity,  k  the  Boltzmann  cone t and 
T  the  absolute  temperature,  .  the  wave  angu.ar 
frequency  and  D  the  deformation  potential  mtr 
red  by  the  relation 


K '  =  E  ♦  Pn 


which  shows  how  the  clast:-  strain  r  affe-t.  4 
energy  difference  F  between  the  t  wo  state;  of 
impurity.  Indeed  the  main  difficulty  is  :n  ♦co¬ 
de  tern  mat.  i  on  of  I1,  which  i  s  not  known. 

*  i  s  the  relaxation  rim,-  q  the  ;-[  jr.ty 

system  m  the  case  of  t  ran-  ;  *  ;  -t-.s  t  v  thor-a .  a 
vat  ion,  it  can  be  shown  that  -  ic  r‘el  atei  t 
pent  ure  by  an  Arrhenian  t  ype  rr- .  at  .on 


A'h'Ti1  V  i ♦he  :i''t  p.Vif  ;  -m 


2d 


:  PouMc  well  patent  i . ,  1 
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The  d'UiUit*  ‘veil  i  “»  approximated  by  two  para- 
U'lii1  curves  with  minima  separated  by  a  distance 
2d . 

The  calculation  oi  the  eigenf requenc les  of 
the  quantum  mechanical  harmonic  oscillator  gives 


o 


where  m  is  the  mass  of  the  impurity. 

As  for  V  ,  the  distance  2d  between  the  two 
well  bottoms  is  also  unknown. 

V(  and  d  depend  on  the  charge  ter ist ics  of 
the  lattice  and  of  the  defect  ( A 1  ♦  alkaline 

ion  i .  I1  is  related  to  the  previous  parameters  but 
also  to  the  wave  structure,  i.e.  to  the  compo¬ 
nents  of  the  sound  wave  amplitude,  to  the  propaga¬ 
tion  direction  and  the  velocity. 

The  acoustic  Losses  t 1/0 )  were  measured  on 
the  B  and  C  modes  of  three  SC  and  FC  doubly  rota¬ 
ted  cut  resonators.  The  results  are  shown  on  Fig. 
Oh ,  t>  and  c.  Twc  peaks  can  be  observed.  The  peak 
at  2CK  is  due  to  the  interaction  of  the  sound  wa¬ 
ve  phonons  *,ith  the  thermal  phonons  of  the  crys¬ 
tal  lattice  .  The  secotyfi  peak,  at  50K ,  is  attri¬ 
buted  to  Pin  impurities*' ,  It  can  be  observed 
that  the  B  mode  exhibits  a  lower  peak  than  the  C 
mode.  For  each  resonator  this  shows  how  in  the 
same  crystal  with  the  same  impurity  content  and 
the  same  propagation  direction  the  peak  intensity 
is  modified  when  changing  the  wave  polarization 
because  this  difference  cannot  be  explained  only 
by  the  ratio  of  the  velocity.  But  the  temperature 
T  of  the  peak  maximum  remains  constant  as  expec¬ 
ted  from  the  relation 

V 

o 

KB  ‘m  ‘  Ln(w  t  ) 

o 

which  does  not  include  the  deformation  potential 


Feduction  of  these  data  en^tjle  to  evaluate 
the  relaxation  time  -  2.5  10™  s  (which  f^an 
he  compared  with  Stevels's  value  i0  =  2.10  s), 

the  potential  barrier  height.  V  *  0.040  eV  (0.055 
eV  ty  Stevelsi  and  the  distance  between  the  two 
wells  fd  "  8  a. 


‘o.-u:  1  us  l  on 

The  diffusion  <.f  impurities  under  an  ap¬ 
plied  field  could  he  used  for  characterizing 
the  impurity  content  of  quartz  crystal,  as  shown 
by  fhis  analysis.  However  the  lack  of  knowledge 
of  the  lattice  and  defect  characteristics ,  essen¬ 
tially  the  deformation  potentials  and  potential 
*■**’.  Is,  do  not,  allow  to  obtain  the  absolute  impuri¬ 
ty  ncentrat ion ,  but  relative  evaluations  can  be 
~ ade  with  respect  to  a  crystal  with  a  known  impu¬ 


rity  content.  On  the  other  hand  this  method,  com¬ 
bined  with  low  temperature  measurements,  can  lead 
to  the  determination  of  those  lattice  potentials, 
and  therefore  to  a  better  knowledge  of  quartz 
crystal.  This  is  not  only  interesting  for  the  fun¬ 
damental  point  of  view,  but  also  for  the  practi¬ 
cal  one  of  quartz  resonator  sensitivity  to  i-.n.- 
zing  radiations. 


Fig.  9  :  Low  temperature  acoustic  losses 
for  the  two  shear  modes 

a '  FT  cut  #  r 4h 
h'  F'  cot  #  24" 

c  SC  out  #  2:V- 
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ABSTRACT 

A  technique  for  final  tuning  AT- 
quartz  resonators  having  aluminum  elect¬ 
rodes  by  means  of  a  low  energy  DC  oxygen 
plasma  is  described. 1  Compared  to  other 
techniques,  this  method  is  clean,  dry, 
protective,  selective,  and  does  not 
significantly  heat  the  crystal. 

In  this  process  a  small  volume  of 
oxygen  plasma  is  generated  in  a  plasma 
"gun"  by  a  DC  potential.  A  positive 
bias  on  the  crystal  electrode  placed 
near  the  plasma  causes  the  electrode  to 
be  anodized.  The  oxide  layer  increases 
the  mass  of  the  electrode  and  thereby 
lowers  its  frequency.  Unbiased  elect¬ 
rodes  are  not  affected  by  the  process, 
so  monolithic  filters  may  be  tuned. 

*7 


INTRODUCTION 

Aluminum  is  generally  used  to  form 
electrodes  on  VHF  quartz  crystals,  chief¬ 
ly  because  of  its  low  density.  This 
permits  the  deposition  of  relatively 
thick  electrodes  having  good  electrical 
characteristics ,  but  without  excessive 
mass  loading.  Additional  advantages 
include  low  cost,  good  adhesion  to  quartz 
and  an  acoustic  impedance  close  to  that 
of  quartz. 

One  problem  often  associated  with 
aluminum  electrodes  is  the  gradual  growth 
of  an  oxide  layer  which  can  cause  aging. 
This  oxide  growth  begins  immediately 
..liter  the  formation  of  the  electrode  and 
continues  until  a  thickness  of  around 
50A  is  reached.  The  resulting  mass  in¬ 
crease  of  the  electrode  causes  a  fre¬ 
quency  decrease  of  the  resonator. 

A  solution  to  the  aging  problem  is 
to  induce  oxide  growth  well  beyond  any 
which,  would  occur  under  ordinary  condi¬ 
tions.  In  1976  Bottom2  described  a 
method  of  adjusting  the  frequency  of 


resonators  with  aluminum  electrodes  by 
anodizing  them  in  a  liquid  bath.  Later 
Ang2  showed  how  this  technique  has  been 
applied  in  a  manufacturing  environment. 

One  disadvantage  of  the  described 
technique  is  the  necessity  of  removing 
the  crystal  from  the  bath  and  carefully 
drying  it  before  each  frequency 
measurement . 

Reche1*  reported  on  the  anodization 
of  electrodes  in  an  RF  generated  oxygen 
plasma.  This  eliminated  the  necessity  of 
drying  the  crystal  prior  to  measuring  its 
frequency.  One  difficulty  was  that  the 
crystal  was  heated  to  a  high  temperature 
(160°C)  by  the  plasma,  causing  temperature 
induced  frequency  shifts. 

When  used  for  final  frequency  ad¬ 
justment,  both  liquid  and  RF  anodization, 
have  the  advantage  over  shadow  masking 
techniques  of  providing  uniform  deposition 
of  a  protective  oxide  coating  on  the 
electrode . 

DC  PLASMA  ANODIZATION 

The  primary  mechanism  of  oxide 
formation  during  anodization  appears  to 
be  the  movement  of  positive  aluminum  ions 
through  the  oxide  to  the  oxide-oxygen 
interface.  There  they  combine  with 
negative  oxygen  ions  to  form  aluminum 
oxide.  After  the  formation  of  the  initial 
oxide,  an  electric  field  of  proper  pola¬ 
rity  is  required  across  the  oxide  to 
promote  aluminum  ion  migration. 

Figure  1  is  a  representation  of  the 
glow  produced  in  a  DC  cold  cathode  dis¬ 
charge.  The  plasma  density  is  greatest 
in  the  visible  glow  regions  of  the  nega¬ 
tive  glow  and  the  positive  column. 

Most  plasma  anodization  experiments 
described  in  the  literature  do  not  use  the 
simple  geometry  of  Figure  1.  Various 
anode  and  cathode  geometries  can  expand, 
contract,  or  even  eliminate  some  of  the 
regions  shown  in  Figure  1.  Further 
complications  arise  from  the  fact  that  the 
operating  pressure  can  also  affect  the 
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size  and  distribution  of  the  different 
regions , 

Miles  and  Smith^  observed  the 
highest  rates  of  anodization  at  two 
pressures  near  50  microns  and  1  torr, 
where  the  sample  was  believed  to  be  in  the 
negative  glow  and  positive  column,  re¬ 
spectively.  Most  of  the  data  in  the 
literature  has  been  taken  at  the  lower 
pressure  in  the  negative  glow. 6  In  these 
cases  the  oxide  growth  rate  follows  a  near 
logarithmic  growth  rate,  where  the  oxide 
thickness  increases  with  the  logarithm 
of  the  time. 

In  many  cases**  oxide  growth  has 
been  observed  to  be  limited  by  sputtering. 
Oxygen  ions  striking  the  anodized  sur¬ 
face  may  sputter  off  the  oxide  at  a  rate 
close  to  the  anodization  rate,  thereby 
limiting  growth.  Conversely,  material 
may  be  sputtered  from  the  anode  or 
cathode  and  deposited  on  the  crystal, 
thereby  enhancing  the  apparent  anodi¬ 
zation  rate. 

EXPERIMENTAL  PROCEDURE 

For  the  experiments  described  here, 
a  small  plasma  1  gun"  was  constructed 
(Figure  2) .  The  gun  is  approximately 
1.4  cm  in  diameter  and  2.3  cm  in  length, 
and  made  of  aluminum.  The  exterior  is 
hard  coat  anodized  to  prevent  a  glow 
from  being  established  on  the  outside 
of  the  gun.  The  anode  and  cathode  are 
separated  by  an  aluminum  oxide  insulator. 

A  stainless  steel  screen  was  inserted  to 
provide  a  uniform,  porous  cathode  surface. 
The  back  of  the  gun  is  ported  to  allow 
fresh  neutral  oxygen  into  the  gun  chamber. 

The  crystal  to  be  anodized  is 
placed  approximately  5  mm  from  the  end 
of  the  plasma  gun.  This  crystal  is  then 
outside  the  region  of  the  visible  glow 
of  the  plasma,  where  heating  of  the 
crystal  by  the  plasma  is  minimal.  It  is 
also  far  enough  away  from  the  gun  that  no 
sputtered  anode  material  is  deposited 
on  the  electrode. 

When  sufficient  voltage  is  applied 
at  the  proper  pressure,  a  glow  discharge 
is  established  between  the  cathode  screen 
and  the  anode  ring.  The  various  regions 
shown  in  Figure  1  are  not  discernable 
in  the  small  anode-cathode  gap,  but  the 
area  around  the  anode  ring  glows  in  a  way 
characteristic  of  the  positive  column. 

The  visible  glow  is  contained  within  the 
gun . 

A  positive  bias  voltage  is  applied 
to  the  electrode  to  be  anodized.  This 
induces  a  field  across  the  existing  oxide 
which  helps  the  transport  of  aluminum 
ions.  In  addition,  negative  oxygen 


ions  are  attracted  from  the  plasma  to  the 
electrode  surface.  RF  measurements  are 
made  by  turning  off  the  plasma  and 
measuring  the  reflection  coefficient  (Sn) 
of  the  electrode.  The  RF  switching  is 
performed  by  PIN  diodes.  The  process  is 
controlled  by  a  Hewlett-Packard  9825 
calculator,  interfaced  to  a  small  Moto¬ 
rola  6800  microprocessor  system  which 
handles  timing  and  switching  functions. 

The  process  of  turning  off  the  plasma, 
making  the  frequency  measurement,  cal¬ 
culating  the  current  rate,  and  re-estab¬ 
lishing  the  plasma  requires  less  than 
three  seconds. 

Experiments  were  conducted  in  two 
different  vacuum  chambers.  The  first  had 
only  a  roughing  pump.  The  chamber  was 
rough  pumped  to  600-800  microns  and  back¬ 
filled  to  operating  pressure  (approxi¬ 
mately  2  torr) .  Later  experiments  were 
done  in  a  system  with  both  a  roughing 
pump  and  cryogenic  pump  (Cryotorr-8  from 
CTI  Cryogenics) .  In  these  later  experi¬ 
ments  the  system  was  rough  pumped  to 
around  1  torr  and  cryopumped  to  better 
than  10~4  torr  before  backfilling. 

RESULTS 

RATES 

Crystals  ranging  from  3rd  overtone 
30  MHz  crystals  to  5th  overtone  175  MHz 
crystals  have  been  tuned  using  this 
technique.  A  typical  anodization  run  is 
shown  in  Figure  3.  Since  the  subject  of 
interest  is  the  frequency  change  as  a 
function  of  time,  it  is  not  sufficient  to 
monitor  oxide  growth.  As  the  oxide  grows, 
it  consumes  some  of  the  aluminum  in  the 
electrode.  The  curve  here  expresses  the 
anodization  process  by  the  equivalent 
plateback  in  angstroms  of  aluminum.  In 
this  way,  the  scale  may  be  translated  to 
the  frequency  change  for  any  crystal. 

For  reference  a  scale  showing  the  equiva¬ 
lent  frequency  change  for  a  5th  overtone 
100  MHz  resonator  is  also  shown. 

The  data  shown  in  Figure  3  was  taken 
at  an  oxygen  pressure  of  2.2  torr,  and  a 
bias  voltage  on  the  electrode  of  30  VDC . 
The  voltage  applied  to  the  plasma  gun  was 
-600  V,  and  the  current  observed  was  0.5 
ma .  The  power  dissipation  in  the  plasma 
was  thus  slightly  less  than  a  third  of  a 
watt.  Tile  curve  resembles  a  simple  ex¬ 
ponential,  but  is  in  reality  more  complex. 
Figure  A  shows  the  same  data  plotted  loga¬ 
rithmically.  Region  I  has  almost  twice 
the  slope  of  region  II. 

Such  a  change  in  slope  indicates  a 
change  in  .he  rate  controlling  step  of  a 
physical  process.  This  is  seen,  for 
example,  in  diffusion  experiments,  where 
the  rate  change  may  indicate  a  change  from 
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grain  boundary  diffusion  to  bulk  dif¬ 
fusion.  Both  processes  are  simul¬ 
taneously  happneing,  but  each  dominates 
the  net  phenomena  under  different 
ci rcumstances . 

Possible  limitations  to  the  rate  at 
which  the  oxide  can  form  include  aluminum 
availability,  crystal  cleanliness,  oxygen 
availability,  sputtering,  and  the  kine¬ 
tics  of  the  reaction  forming  AI2O3.  The 
oxygen  reaches  the  crystal  at  a  constant 
rate,  which  is  determined  by  the  pressure 
and  is  the  same  in  regions  I  and  II. 
Similarly,  the  reaction  forming  AI2O3 
proceeds  at  the  same  rates  in  regions  I 
and  II,  if  both  aluminum  and  oxygen  are 
present.  On  the  other  hand,  aluminum 
availability  would  be  greater  in  region 
I,  since  in  region  II  the  oxide  will 
have  grown  to  a  thickness  sufficient 
to  impede  the  aluminum  flow. 

The  oxygen  ions  are  attracted  to 
the  crystal  electrodes  by  a  low  bias 
voltage.  Unbiased  electrodes  do  not 
changes  in  frequency,  indicating  that  no 
material  is  sputtered  onto  or  off  of  the 
surface.  It  follows  that  sputtering  is 
not  likely  to  bo  the  rate  determing  step 
in  either  region.  The  kinetics  of  AI2O3 
formation  are  not  likely  to  be  slow 
enough  to  limit  the  rate.  It  is  probable, 
therefore,  that  the  arrival  of  oxygen  at 
the  electrode  may  be  the  slowest  and 
hence  the  rate  limiting  step  in  region 
I.  In  region  II,  the  oxide  is  thicker, 
causing  the  electric  field  across  it  to 
reduced.  In  this  case,  the  arrival  of 
aluminum  at  the  oxide/oxygen  interface 
may  be  the  rate  limiting  step. 

Figure  5  shows  the  logarithmic  ano¬ 
dization  rate  (equivalent  angstroms  of 
aluminum  divided  by  the  log  of  the  time) 
as  a  function  of  bias  voltage  on  the 
electrode.  Data  from  the  slopes  in 
region  I  and  region  II  are  shown.  The 
scatter  in  the  data  may  be  due  to  the 
different  frequency  crystals  used  or  to 
small  amounts  of  contamination.  Pump 
oil,  inadequate  cleaning,  or  other 
contaminants  will  adverseley  affect  the 
anodization  rate  by  reducing  the  aluminum 
surface  available  for  anodization. 

Region  I  shows  a  variation  in  rate 
with  different  bias  voltages,  whereas 
region  II  remains  relatively  constant. 

If  region  I  is  oxygen  limited,  it  might 
be  expected  that  higher  bias  voltages 
would  attract  more  oxygen  ions  and 
thereby  increase  the  rate.  Instead  there 
is  an  apparent  decrease  in  anodization 
rate  with  bias  voltage.  The  bias  vol¬ 
tage  may  be  disturbing  the  distribution 
of  the  plasma  and  thereby  affecting  the 
observed  rate. 


In  region  II  the  oxide  has  increased 
in  thickness,  causing  the  electric  field 
across  it  to  be  reduced.  The  higher  the 
bias  voltage,  the  later  the  breakpoint 
between  regions  I  and  II  will  occur. 

Region  II  behavior  corresponds  to  a  parti¬ 
cular  electric  field  level  and  is  there¬ 
fore  independent  of  voltage,  as  observed. 

EFFECT  OF  PRESSURE 

As  mentioned  previously,  the  glow 
discharge  is  strongly  affected  by  pressure 
and  by  the  anode  and  cathode  geometry. 

For  the  gun  geometry  described  here,  the 
highest  rates  were  obtained  for  an  oxygen 
pressure  of  2.2  torr.  At  pressured 
greater  than  2.4  torr,  the  plasma  would 
not  reliably  ignite.  At  pressures  lower 
than  about  1.4  torr,  the  plasma  was  weak 
and  would  often  be  extinguished. 

For  pressures  near  2.2  torr,  howe  'er, 
the  slope  of  region  I  should  be  influenced 
by  the  pressure.  Figure  6  shows  data  from 
a  resonator  run  at  1.8  torr  and  15  volts 
bias.  The  oxygen  concentration  is  less 
at  this  pressure  than  in  the  case  of  the 
previous  curves,  and  the  rate  in  region  I 
has  been  reduced  to  the  rate  of  region  II. 
This  is  consistent  with  the  hypothesis 
that  near  the  normal  operating  conditions, 
oxygen  availability  is  the  rate  con¬ 
trolling  step  in  region  I. 

MONOLITHIC  FILTERS 

Several  monolithic  crystal  filters 
have  been  tuned  using  this  technique.  A 
crystal  is  placed  near  the  plasma  gun  as 
previously  described.  The  frequency  of 
each  resonator  is  measured  prior  to  ano¬ 
dization.  The  resonator  not  being 
measured  must  be  tuned  out  by  some 
convenient  method  so  as  not  to  affect  the 
measurement.  Each  electrode  may  then  be 
anodized  for  the  appropriate  amount  of 
time.  The  tuning  process  continues  in  an 
iterative  fashion  until  both  electrodes 
are  at  the  desired  frequency.  If  one 
electrode  finishes  before  the  other,  the 
bias  potential  is  removed  from  it. 

Experiments  have  shown  that  unbiased 
(floating)  electrodes  adjacent  to  biased 
electrodes  do  not  change  in  frequency. 
Although  they  might  be  expected  to  suffer 
from  some  sputtering,  none  has  been  de¬ 
tected  to  within  the  experimental  accuracy 
(±200  Hz),  even  after  one  hour  of  exposure 
to  the  plasma.  A  strong  negative  charge, 
measured  to  be  around  -60V,  is  induced  by 
the  plasma  on  the  floating  electrode  and 
prevents  anodization  or  sputtering. 

The  chief  disadvantage  to  this 
technique  of  final  tuning  crystal  filters 
is  the  limited  tuning  range  available. 
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The  electrodes  must  be  well  defined  and 
have  an  accurate  amount  of  plateback. 
However,  the  tuning  range  may  be  doubled 
if  the  ground  electrodes  of  the  filter 
are  also  anodized. 

AGING 

Crystals  with  aluminum  electrodes 
often  age  downward  in  frequency  due  to 
long  term  growth  of  the  aluminum  oxide 
layer.  The  anodization  process  produces 
an  oxide  layer  far  in  excess  of  normal 
oxidation.  Anodized  devices  are  more  re¬ 
sistant  to  subsequent  oxide  growth  than 
standard  aluminum  devices,  and  should 
therefore  show  less  aging.  This  was 
confirmed  by  Bottom^  for  the  case  of 
liquid  anodization. 

Figure  7  shows  the  average  frequency 
shift  for  19  crystals  aged  at  120°C  for 
500  hours.  The  crystals  were  155  MHz, 

5th  overtone  devices.  At  the  end  of  500 
hours  the  crystals  had  an  average 
frequency  shift  of  -3.5  PPM,  with  a 
standard  deviation  of  2.1  PPM.  Only  2 
of  the  19  devices  failed  to  be  within 
5  parts  per  million  of  their  initial 
frequency . 

SUMMARY 

A  method  of  tuning  aluminum  re¬ 
sonators  on  quartz  crystals  has  been 
described  The  technique  uses  a  low 
energy  DC  oxygen  plasma  to  transform 
some  of  the  aluminum  forming  the  re¬ 
sonator  into  aluminum  oxide,  thereby 
increasing  the  resonator  mass  and 
lowering  its  frequency.  Both  oscillators 
and  monolithic  crystal  filters  may  be 
tuned. 

The  technique  is  clean  and  dry,  and 
does  not  significantly  heat  the  crystal. 
Since  the  amount  of  oxide  which  can  be 
produced  in  a  reasonable  amount  of  time 
is  limited,  the  method  is  most  useful  for 
high  overtone,  high  frequency  devices 
where  the  frequency  change  with  thickness 
is  large. 
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Figure  2  Schematic  Representation  of  Anodization  "Gun" 
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Figure  1.  Typical  DC  Glow  Discharge 


111 


TIME  (MIN) 

Figure  3.  Anodization  as  a  Function  of  Time.  The  Right  Hand 
Axis  Shows  the  Equivalent  Frequency  Change  for  a 
100  MHz  5th  Overtone  Resonator 
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Figure  4.  Same  Data  as  Figure  3,  Plotted  as  a  Function  of  the 
Log  of  the  Time.  Region  I  has  the  Higher  Slope 
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Figure  5.  Anodization  Rate  as  a  Function  of  Bias  Voltage. 

Data  From  Region  I  are  Shown  as  Triangles;  Data 
from  Region  II  as  Circles. 
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F  igure  6.  Anodization  as  a  Function  of  Time  for  a  Pressure 
of  1.8  Torr. 
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F  igure  7.  Average  Frequency  Change  as  a  Function  of  Time 
for  19  Devices  Aged  at  120°C. 
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CHARACTERISATION  OF  ALKALI  CMPL’RLTIES  t'l  QUARTS 
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Summary 

We  report  acoustic  loss  measurements  from  room 
temperature  to  above  500°C  on  resonator  disks  fabri¬ 
cated  from  high-grade  as-grown  and  swept  synthetic 
quartz,  containing  both  Li+  and  Na+  alkali  impuri¬ 
ties.  As-grown  quartz  disks  showed  an  exponential 
rise  of  acoustic  loss  Q”1  with  temperature  T, 
starting  above  200°C.  Swept  samples  show  the 
onset  of  a  rise  above  4009C  and  show  high-teraperatu- 
re  losses  which  increase  irreversibly  with  time  and 
are  tentatively  attributed  to  the  presence  of  residu¬ 
al  alkali.  Loss  peaks  above  300°C  were  found  in  the 
swept  disks.  Some  of  these  disappear  after  exposu¬ 
re  to  temperatures  above  400°C. 

r  ' 

'  / 

The  movement  of  alkali  tons  M+  during  air  and 
vacuum  sweeping  has  been  cha racter ized  in  terms  of 
the  strength  of  Al-OH”  and  as-grown  OH”  defect  cen¬ 
ter  infrared  bands.  We  measured  the  strength  of 
these  bands  after  relatively  short  periods  of  swee¬ 
ping,  ranging  from  3  to  24  hours,  as  well  as  their 
distribution  between  the  anode  and  cathode.  The 
alkali  ion  replacement  with  H+  proceeds  from  the 
anode  to  the  cathode  and  is  affected  by  the  as- 
grown  OH”  distribution.  Depletion  of  as-grown  OH” 
was  found  after  vacuum  sweeping.  The  alkali  ton 
movement  is  substantially  slower  for  vacuum  as  com¬ 
pared  to  air  sweeping  and  also  for  \’a*  vs  *,i  +  Im¬ 
purities. 

Key  words.  Quartz  Material,  Impurities,  Swee¬ 
ping,  Infrared  Spect roscopv,  Resonators,  Q-Measure- 
nents,  Acoustic  Losses. 


Introduction 

This  paper  reports  improved  methods  for 
character i z ing  as-grown  and  swept  quartz  with 


low  impurity  and  defect  concent  rat  Ions.  Two  cha¬ 
racterization  techniques  are  utilized  in  our  labor¬ 
atory,  (1)  high  temperature  Q-meas urements  of 
quartz  resonators  and  resonator  disks  and  (2)  low 
temperature  Infrared  spectroscopy  of  impurity 
bands. *  both  techniques  deal  with  the  detection 
of  interstitial  Impurity  ions  that  serve  as 
charge  compensators  for  substitutional  aluminum 
ions  Al^+  located  in  silicon  sites. 

The  migration  of  alkali  ions  such  as  Na+  and 
Li+  give  rise  to  exponentially  increasing-  acou¬ 
stic  losses  Q“*  with  temperature  T.  Tn  as-grown 
quartz  the  details  of  the  loss  curves  depend  on  the 
alkali  Ion  activation  energies,  concentrations  and 
the  nature  of  the  defect  sites  involved.  In  swept 
quartz,  with  most  of  the  alkali  Ions  removed  and 
replaced  by  hydrogen,  forming  the  ,\l-0H"  defect, 
the  exponential  Q”*(T)  rise  was  reduced  by  a 
large  factor.  Our  previous  measurements  * ,  perfor¬ 
med  on  enclosed  resonators  up  to  350°C  confirmed 
these  results.  We  have  extended  these  measure¬ 
ments  to  temperatures  above  500°C  using  quartz 
disks  placed  in  an  evacuable  ceramic  holder  and 
report  data  for  swept  and  unswept  Premiun-Q 
(grown  with  lithium  additive)  and  Migh-Q  quartz 
(grown  without  lithium). 

In  the  sweeping  process  the  replacement  (if  al¬ 
kali  ions  with  hydrogen  at  <1uninun  sites  leads  to 
intensity  oha  *,es  of  the  infrared  impurity  bands. 

It  was  previously  found*  that  in  the  initial  stages 
of  sweeping  the  growth  oc  infrared  Sands  associa¬ 
ted  with  the  Al-OH”  defect  (measured  with  the  Sean 
a  l-ing  the  sweeping  axis)  occurs  immediately  in  air 
and  after  longer  sweeping  time  in  vacuum.  Tie  as- 
grown  DM”  Sands  remain  unchanged  with  ifr  >weepi  ig 
but  deplete  with  vacuum  sweeping.  In  order  to  find 
how  the  Al-OH”  formation  proceeds  ilong  the  swee¬ 
ping  axis,  our  measurements  were  modified  and  ex¬ 
tended  to  determine  the  spatial  distribution  of 
Al-OH"  and  as-grown  Dip  defects  between  anode  tnd 
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rlgure  1.  Automated  Q -measurement  system  for  quartz 
resonator  disks*  Resistor  values  given  In  ohms. 


cathode  after  short  periods  of  sweeping,  ranging 
f rom  3  to  24  hours. 


Figure  2.  Resonance  curve  of  swept  Premlum-Q  disk 
sPQ.  The  horizontal  line  at  -75.9  dB  relates  to  the 
off-resonance  Impedance  70  *  26.7  k d,  for  the 
parallel  capacitance  CQ  -  1.12  pF  of  the  crystal. 
Series  resonance  at  f r.  Center  frequency  fQ. 
Calculated  via  equation  (1):  *  14.0  k U  . 


Changes  In  the  OH”  bands  after  sweeping  have 
been  the  subject  of  many  Invest lgations^“^ ,  but 
only  limited  data  exist  on  the  spatial  distribu¬ 
tion  of  band  strength  between  anode  and  cathode. 
Krefft  reported^  this  type  of  variation  in  terms 
of  room  temperature  spectra  for  natural  quartz 
with  high  impurity  content,  swept  at  700®C.  A  sig¬ 
nificant  result  of  this  Investigation  was  that 
after  sweeping  in  vacuum,  0H“  bands  at  3610  and 
3484  cm*^,  designated  as  thermally  unstable,^  were 
depleted  while  those  at  3311  and  3378  cm"*  became 
stronger,  with  the  largest  change  occurring  close 
to  the  anode.  Assignment  of  these  bands  to  speci¬ 
fic  defect  centers  is  complicated  by  the  a  to 
3  transition  undergone  by  the  crystal  and  the 
large  line  width  of  the  room  temperature  bands. 

We  have  utilized  low  temperature  spectroscopy, 
with  its  Inherent  higher  sensitivity  for  detecting 
small  changes  In  absorption  coefficient,  to  measure 
defect  concentration  changes  In  synthetic  quartz 
with  low  impurity  concentration  after  sweeping  at 
temperatures  below  the  n  to  6  transition.  We  re¬ 
port  infrared  data  on  the  distribution  of  Al-OH  and 
as-grown  OH"  defects  between  the  anode  and  cathode 
for  Preninn-Q  and  High-Q  synthetic  quartz  swept  in 
air  and  vacuum.  The  effect  of  uniform  and  non-uni¬ 
form  Initial  OH"  distribution  across  the  crystal, 
aluminum  •••once  at  rat  Ion,  and  differences  between 
quart*  containing  lithium  and  sodium  impurities  on 
the  sweeping  process  are  discussed. 


Acoustic  Losses  In  Resonator  Disks 


Experimental  Procedures 

A  V_«vk  diagram  of  the  experimental  setup  Is 
•••hown  i  i  Pig.  \,  The  resonator  disk,  of  plano-con¬ 


vex  shape,  is  placed  In  a  two-part  ceramic  gap  hoi- 
der^>®  and  supported  on  a  narrow  rim  on  the  bottom 
surface.  The  gap  of  the  holder  is  wide  enough  to 
avoid  contact  with  the  crystal,  at  any  temperature 
up  to  550°C.  The  gap  spacing  can  be  varied  by 
means  of  adjustable  gold-plated  Kovar  electrodes. 
The  two-part  ceramic  holder  Is  mounted  In  a  stain¬ 
less  steel  enclosure  to  which  a  chrome 1-a lumel 
thermocouple  is  attached.  This  assembly  is  enclo¬ 
sed  in  a  Vycor  vacuum  chamber.  The  electrodes 
are  connected  to  a  network  analyzer  through  a  mo¬ 
dified  H  network.  A  programmable  synthesizer  pro¬ 
vides  the  stepwise  variable  frequency.  A  data 
bus  connects  these  components  to  a  desktop  computer 
and  printer  for  automatic  data  recording. 

For  the  present  study,  all  but  one  of  the 
disks  have  been  taken  from  enclosed  resonators 
previously  measured  up  to  350°C.  The  plated  elec¬ 
trodes  were  removed  from  the  disks  by  aqua  regia, 
followed  by  washing  with  distilled  water  and  dry¬ 
ing  in  hot  air.  This  procedure  yields  resonance 
resistance  values  less  than  twice  those  of  the  en¬ 
closed  resonators.  All  disks  are  5  MHz  5th  over-" 
cone  plano-convex  or  bi-convex  AT-cut  and  are 
listed  in  Table  I . 

A  programmable  temperature  controller  provides 
linear  ramps  with  adjustable  rates  between  0.1  and 
1.9  °C/min.  Usually,  the  crystal  was  heated  from 
room  temperature  to  250#C  with  0.2  °C/min  and  above 
250°C  with  0.1  °C/min.  The  temperature  interval 
between  data  points  is  generally  less  than  1°C. 

The  controlling  computer  program  calls  for  re¬ 
petitive  frequency  sweeping  through  the  series  re¬ 
sonance  in  100  steps,  with  1  or  100  msec  per  step. 
It  selects  appropriate  starting  frequencies  and 
step  widths,  and  determines  series  resonance  fre¬ 
quency  fr.  The  resonance  resistance  Rj  is  ealcula- 
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Table  I.  Identification  of  Disks  and  Resonators 


Sweeping 

Status 

Quartz 

Material 

Autoclave* 
Run  No. 

Crystal 

No. 

Aluminum** 
ppm  (at.) 

Des Ignat  ions 
Disk  Resonator 

Data  Shown  in 
This  Paper 

Figure  No, 
Ref.  1 

unswept 

High-Q 

f.42-21 

19 

10.1 

HQ  (a) 

3 

_ 

- 

T-! 107 

- 

3 

Premiunr-Q 

D14-45 

99 

1  i  0.4 

PQ 

G-7 

3 

2 

air  swept* 

High-Q 

E42-21 

18 

6.1 

sHQ3 

U-1973 

3 

3 

sHQ5 

U— 197  5 

3 

Premiunr-Q 

D14-45 

10 

- 

sPQ 

N— 171 

2,4 

2 

vacuum  swept! 

Premiunr-Q 

014-45 

E 

<0.4 

vs3 

M-3 

5,6 

vs5 

M-5 

5 

2 

*  Sawyer  Research  Products 

,  Inc. 

**ESR  data  fromL.E.  Halliburton, 

Oklahoma  State 

University 

t  T..I,  Young,  Sandta  Laboratories  (a)  unplated  blank  T-ll 


ted  from  maximum  amplitude  Am  with  a  calibration 
function  R(A)  derived  from  replacing  the  crystal 
with  a  series  of  resistors.  For  high  R|  values, 

\m  is  associated  with  a  complex  impedance  7.m  and 

Ri  *  V'1  -  <W2!  <«> 

with  an  of f- resonance  impedance 

?.0  -  W  (2  n  fr  C0)  (2) 

Cn  is  the  parallel  capacitance  of  the  crystal  equi- 
vi  lent  circuit.  For  each  data  point  the  off-resc y 
nance  amplitude  \0  Is  measured  1  10  kHz  from 
tV  center  frequency  f  Q,  and  ZQ  is  calculated  from 
the  average  \n.  The  positions  of  fQ  amd  fr  are 
shown  for  a  tvplcal  resonance  curve  in  Fig.  2. 

Results 

Figure  1  shows  Rj(T)  of  unswept  and  swept  cry- 
>!  »ls.  The  curves  were  plotted  as  log(R]T)  vs 
I  tii'i/T.  This  should  result  In  straight  lines  if 
the  exponent  la  1 ly  rising  loss  function  Rj(T)  is  due 
t  >  thermally  activated  motion^  of  interstitial 
iipurity  ions,  e.g.  \'a  +  in  HQ  and  Ll+  In  PQ. 

The  unswept  samples  show  an  exponential  rise  be- 
‘  v.  m  ?  >>>  and  500°C.  Repeated  temper  i tore  cycling 
that,  up  to  at  least  480  ®C,  R  j  ( T )  is  rever- 
with  these  2  samples.  Above  500  °C,  Rj(T) 
rist-s  very  steeply  and  the  crystals  exhibit  signs 
ii  permanent  degradation.  Subsequent  temperature 
eve  ling  of  PQ  shows  Rj(T)  curves  30  to  l  DOT  above 
the  previous  values,  and  these  exhibit  narrow 
peaks  at  irregular  intervals.  This  degradation  is 
corroborated  by  the  appearance  of  spurious  modes  in 
resonance  curves  at  various  temperatures.  With 
HQ,  the  degradation  was  much  more  severe.  After 


returning  from  505°C,  the  5th  overtone  resonance 
was  undetectable  while  the  3rd  overtone  showed 
highly  unstable  Rj  values  in  excess  of  0.5Mii 
After  removal  from  the  holder,  the  two  disks  showed 
scratches  and  chipping  in  the  center  region  of  the 
major  surfaces. 


500  400  300  T  (°C)  200 


1  25  1  50  1.75  2.00 


1000/T  (K_1) 

Figure  3.  Function  log(RjT)  vs  1 000/ T  for  unswept 
disks  HQ  and  PQ  and  far  swept  disks  sHQ3  and  sHQ5, 
Arrows  indicate  the  direction  of  temperature  change. 
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log  R  T  (Ohm  K) 


500  400  300  T  (°C)  200  500  400  300  T  (°C)  200 


Figure  4.  Function  LogCRjT)  vs  1000/T  for  air  swept 

Premium-Q  disk  sPQ  and  unswept  disk  PQ.  Runs  1-4  Figure  5.  Function  log(RjT)  vs  1000/T  for  vacuum 

numbered  In  chronological  sequence.  swept  Premium-Q  disks  vs3  and  vs5,  with  curve  fur 

unswept  disk  PQ  added  for  comparison. 


The  lower  two  curves  in  Fig.  3  and  all  curves 
in  Figures  4  and  5  relate  to  swept  disks.  In  the 
sweeping  process,  the  alkali  ions  are  removed  from 
the  material  and  the  exponential  rise  of  Rj(T) 
should  be  absent.  Up  to  approximately  400°C,  this 
is  indeed  shown  by  our  data.  Above  this  tempera¬ 
ture,  however,  ail  samples  display  substantial 
increases  of  resistance.  This  increase  is  tempera¬ 
ture  as  well  as  time  dependent.  This  phenomenon 
was  extensively  studied  with  crystal  sPQ,  shown  in 
Figure  4.  The  levels  of  Rj(T)  increase  with  each 
successive  run.  The  curves  show  two  instances  of 
vertical  rise,  occurring  at  418°C  In  run  1  and  at 
515°C  in  run  4,  implying  that  Rj  Increases  with 
time  at  constant  temperatures.  In  both  cases  the 
temperature  was  maintained  for  2  to  3  hours  and  R, 
as  function  of  time  followed  a  saturation  curve  with 
estimated  time  constants  between  2  and  3  hours. 

Fig.  5  shows  that,  for  vacuum  swept  crystals, 
the  rise  of  Rj(T)  above  400*0  is  more  than  twice 
as  steep  as  with  air  swept  quartz.  With  vacuum 
swept  quartz  this  portion  of  Rj(T)  Is  unstable 
and  the  resonance  splits  Into  numerous  interfering 
modes  as  shown  in  Fig.  6.  After  return  to  room 
temperature,  crystals  vs3  and  vs5  showed  values 
of  30,000  aid  2200  >3,  respectively.  Upon  inspec¬ 
tion,  the  two  major  surfaces  showed  a  multitude  of 
scratches  in  the  center.  Etching  with  diluted  HF 
Increased  the  depth  of  these  scratches  but  did  not 
reveal  any  macrotwinnlng. 

Peaks  of  Rt(T)  were  observed  In  most  swept 
crystals,  near  3t0*C  with  the  sHQ  crystals  and  at 
the  sane  temper store  with  sPQ,  and  near  400 °C  with 
vs3.  The  peaks  of  sPQ  and  vs3  disappeared  after 
further  heating  above  400*0. 


Discussion 

Observation  of  the  resonance  llnewidth  at 
various  temperatures  indicates  that  the  motional 
inductance  and  capacitance  values  of  the  crystals 
show  only  small  changes  with  T.  Thus,  can,  In 
first  approximation,  be  considered  proportional  to 
the  acoustic  losses  The  latter,  in  turn, 

have  been  attributed  to  thermally  activated  ion 
raotion^f®  and  may  be  considered  proportional  to  the 
ionic  conductivity  o  .  Recently,  Jain  and  Nowick* 
showed  that  o  is  proportional  either  to 
T'1exp[-(EA+€m)/kT] 

or  to  T  exp[ -( E« /2+E^) /kT ] , 
with  thj  activation  energies  EA^for  aissoclatlon 
of  Al-M+  and  Em  for  motion  of  along  the  crystal 
channels,  (M*  stands  for  interstitial  metal  ions, 
e.g.  Na+  or  Ui+).  The  higher  exponent,  involving 
EA+Em>  implies  additional  pairing  sites  (traps) 
for  besides  Al-M*.  Our  unswept  quartz  data  show 
some  curvature  in  log(R^T)  vs  1/T.  If  lnterpr  jed 
aj  an  intermediate  case  with  comparable  acr.i*at»d 
M  and  trap  concentrations  in  the  300  to  500°C  tem¬ 
perature  range,  comparison  with  calculated  a  T 
vs  1/T  curves  yields  E^  ■  1.2  ±  0.2  eV, 

Em  ■  0,2  i  0.1  eV.  The  concentrations  of  addition¬ 
al  M+  traps  are  estimated  to  be  10~5  to  10"*  of  t 
total  M*  content. 

An  alternate  explanation  for  the  observed 
curvatures  is  a  peak  between  350  and  400°C 
superimposed  on  the  straight  lines.  Peaks  near 
these  temperatures  have  been  observed0  on  unswept 
as  well  as  swept  quartz  and  were  attributed  to  di¬ 
electric  relaxation  of  defect  centers.  Activation 
energies  derived  from  the  slope  of  the  straight 
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Figure  6.  Multimode  resonance  curve  for  vacuum  3.2x  10mm 

swept  disk  vs3.  Beam  P0Sjfi0n 


Lines  are  approximately  0.85  eV  for  PQ  and  1  eV  for 
HQ.  These  values  are  in  line  with  literature  data, 
e.g,  the  value  0.7”'  eV  observed  by  King  and 
Fraser^*®  for  natur.  1  quartz  and  0.  72,  0.77, 
and  0.92  eV  found  by  Fraser1^  for  Li* ,  Na*  and  K* 
swept  into  natural  quartz.  Jain  and  Nowick's^ 
conductivity  measurements  yielded  0.82  eV 
for  natural  and  1.36  eV  for  synthetic  quartz. 


With  our  swept  crystals,  the  observed  perma¬ 
nent  increase  of  the  rising  portion  of  R j ( T )  may 
relate  to  sweeping  or  any  one  of  the  procedures 
involved  in  the  resonator  fabrication.  The  curve 
pertaining  to  run  4  of  sPQ,  In  Fig.  4,  is  remark¬ 
ably  parallel  to  that  of  the  unswept  FQ,  alluding 
to  the  presence  of  residual  lithium  Impurity.  Its 
location  about  one  order  of  magnitude  below  PQ 
would  then  imply  that  as  much  as  10%  of  the  origin¬ 
al  alkali  content  remained  in  the  crystal  after 
sweeping,  possibly  stuck  in  channels  interrupted 
or  clogged  by  defects.  These  alkali  Ions  then 
diffused  above  400°C  into  regular  Al-M*  positions 
from  which  they  can  be  activated. 

In  our  vacuum  swept  crystals,  this  behavior  is 
masked  by  permanent  degradation.  Degradation 
characterized  by  steeply  rising  unstable  Rj 
values,  multimode  resonance  curves,  high  room  tem¬ 
perature  resistance  and  visible  surface  damage  was 
found  with  our  unswept  and  vacuum  swept  crystals 
but  not  with  those  swept  In  air,  even  after  expo¬ 
sures  to  temperatures  exceeding  500®C.  Measure¬ 
ments  on  more  samples  are  required  before  one 
ran  interpret  this  behavior. 


Figure  7.  Example  of  aperture  position  for  scan¬ 
ning  along  the  Z-axis  between  cathode  and  anode 
with  the  beam  in  Y-direction. 


The  Premium-Q  and  High-Q  quartz  samples  used 
Ln  those  investigations  were  grown  at  Sawyer 
Research  Products  (SARP)  by  the  same  process, 
except  that  for  Premium-Q  lithium  salt  was  added 
to  the  mineralizer.  The  aluminum  impurity  content 
as  determined  from  electron  spin  resonance  varied 
from  5  to  8  ppm  for  High-Q  and  from  0.6  to  1.3  ppm 
for  Premium-Q.  The  materials  were  obtained  as 
unswept  bars  which  were  cut  and  polished  into 
rectangular  sections,  with  parallel  x,  v,  and  z 
faces,  approximately  1.5  x  1.8  x  2.0  cm  in  size. 

The  experimental  procedures  for  both  air  and  vacuum 
sweeping  are  described  in  previous  publications.'*** 
For  these  short-term  sweeping  experiments,  the 
samples  were  clamped  between  platinum  foils  with 
the  +Z  face  at  the  anode  and  the  ~Z  face  at  the 
cathode . 


The  infrared  transmissions  of  the  samples  were 
measured  between  3100  -  3700  cm""*  at  85K  with  a 
Digllab  FTS-14  Fourier  Spec t rophotometer  at  a 
resolution  of  2  cn'*  using  unpolarized  radiation 
with  K  1 7.  or  E  LY.  The  full  beam  of  the 
spectrometer  was  focused  through  the  crystal  for 
measurements  in  the  direction  of  sweeping  (K  IZ )  • 

In  addition,  the  crystal  was  scanned  normal  to  the 
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ABSORPTION  COEFFICIENT  NORMAL 
TO  SWEEPING  DIRECTION 


SWEEZlNO  TIME 


Figure  8.  Absorption  coefficient  E  1  2, 
as  function  of  sweeping  time,  for  vacuum  swept 
Premtum-Q  quartz. 


direction  of  sweeping  (E  1Y)  by  moving  a  3.2  x 
10  mm  aperture  along  the  +Y  face  between  the  anode 
and  cathode  as  shown  In  Figure  7. 


F.xperlmentaX  Results 


Figure  8  shows  absorption  coefficient  values 
->>  measured  along  the  sweeping  direction  for 
the  3368  cm-*  Al-OH-  band  and  3381  cm-* 
as-grown  OH-  band  for  Premlunr-Q  quartz  vacuum 
swept  for  periods  of  3  to  24  hours.  Unswept  Pre¬ 
mium-!}  and  Hlgh-Q  quartz  has  four  bands  associ¬ 
ated  with  OH"  vibrations  with  peaks  at  3348,  3396, 
3438  and  3381  cm-*.  The  3581  cm-*  band  has  a 
strong  narrow  peak  with  an  easily  determined  back¬ 
ground  absorption  while  the  others  require  subtrac¬ 
tion  of  the  Sl-0  lattice  vibration  contribution. 

For  this  reason  we  have  chosen  the  3581  cm-* 
band  to  monitor  changes  in  as-grown  OH".  3366 
cm-*  absorption,  not  present  In  the  unswept 
sample,  appears  after  the  first  3  hour  sweeping 
period  accompanied  by  a  strong  decrease  In  3581 
cm-'  absorption,  After  this  Initial  sweeping 
period,  3366  cm-*  band  strength  Increases  and 
3581  cm-*  band  strength  decreases  more  gradually 
with  essentially  no  change  observed  after  12 
hours. 


Figure  9  shows  absorption  coefficient  values 
measured  normal  to  the  sweeping  direction 
for  Premlun-Q  quartz  before  and  after  sweeping  In 
air  for  3  hours.  These  values  were  determined 
from  the  designated  transmissions  measured  through 
the  3.2  x  10  mm  aperture  centered  at  7-axls 
positions  between  the  anode  and  cathode. 


A-.  Indicated  by  the  unswept  data,  this  crystal 
has  a  very  small  Increase  In  as-grown  OH-  concen¬ 
tration  between  the  anode  and  the  center,  and  a 


Figure  9.  Absorption  coefficient  ay,  for  3531 
and  3366  cm-*  bands  as  function  of  position 
between  anode  and  cathode,  before  and  after  swee¬ 
ping  Premlum-Q  quartz  3  hours  In  air. 


much  more  pronounced  Increase  between  the  center 
and  the  cathode.  The  only  significant  changes  In 
the  3581  cm-*  absorption  after  3  hours  of  sweeping 
are  small  Increases  close  to  the  anode  and  the 
cathode.  After  sweeping,  3366  cm-*  absorption 
Is  strongest  close  to  the  anode,  decreases  toward 
the  center  of  the  crystal  and  then  Increases  toward 
the  cathode.  The  Increase  In  A1-0H-  absorption 
tends  to  follow  the  as-grown  OH-  distribution. 

Figure  10  shows  the  3366  cm-*  Al-OH-  and 
3581  cm-*  as-grown  OH"  band  behavior  for  Premlum-Q 
samples  swept  In  air  and  vacuum  for  progressive 
short  time  periods.  Both  these  samples  and  that  of 
Figure  9  were  adjacent  crystals  cut  from  the  same 
bar  and  had  approximately  the  same  Initial  Oil- 
distribution.  The  3  hour  air  sweeping  produces  an 
Al-OH-  distribution  similar  to  that  shown  In 
Figure  9,  An  additional  3  hour  air  sweeping 
increases  the  overall  Al-OH-,  and  the  resulting 
curve  follows  the  pattern  of  the  as-grown  0H- 
dlstrlbutton. 

With  vacuum  sweeping,  the  Al-OH-  distribution 
Is  considerably  different  from  that  observed  for 
air  sweeping  especially  during  the  Initial  stages. 

A  3  hour  sweeping  produces  Al-OH-  close  to  the 
anode  with  a  sharp  decrease  toward  the  center  of 
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absorption  coefficient  normal  to  sweeping  direction 


PREMIUM  -  o 
QUARTZ 


AIR  SWEPT  VACUUM  SWEPT 


Figure  n.  Absorption  coefficient  ^  >  for  3581  and  3366  cm  ^  hands  as  function  of  position  between 
anode  and  cathode  after  air  or  vacuum  sweeping  Premium-*}  quartz  for  the  indicated  time  periods. 


the  crystal.  An  additional  3  hours  increases  the 
overall  absorption,  hut  a  sharp  decrease  is  still 
bserved  c  lose  to  the  cathode.  With  further  sweep¬ 
ing,  the  Al-OH*  band  strength  is  reduced  near  the 
anode  and  Increases  toward  the  cathode. 

An  even  more  striking  difference  between  air 
and  vacuum  sweeping  is  observed  for  the  as-grown 
0H~  band.  As-grown  OH"  is  reduced  near  the 
anode  during  the  Initial  3  hour  sweeping  and  to¬ 
tally  depleted  after  \  2  hours.  This  depletion 
region  moves  towird  the  center  of  the  crystal 
after  *  hours,  hut  the  OM"  concent  rat  ion  in  the 
vicinity  of  the  cathode  is  essentially  unaffected. 

The  results  of  a  similar  study  for  Higb-Q 
quartz,  containing  N’af  are  shown  in  ,rigure  ll. 

The  :iigh-Q  alaminun  content  was  approximately  seven 
‘  i'T’-!  !  trger  than  that  of  the  nremf um-Q.  The  as- 
Hf”  uhs  irption  strength  in  an  unswept 
sanp!'*  is  in  the  same  g.nerjl  range  as  that  of  the 
Pre  ni  atn-'i,  and  shows  a  gradual  variation  across  the 
crystal,  '•O.ObO  -  oa<>40  cm"*,  between  the 
anode  and  cathode. 

After  3  hours  if  air  sweeping,  a  strong  Al-OM" 
band  is  observed  with  a  hand  strength  approximately 
six  times  larger  than  that  of  the  Premium-'!,  verv 
close  to  the  aluminum  ratio  of  the  samples.  This 
hand  is  concent ra t od  close  to  the  anode,  decreasing 
to  /cro  only  4  mm  away.  Sweeping  times  of  h  and 
! .'?  hours  increase  the  total  hand  strength  tnd  move 


the  Al-OH"  distribution  further  through  the  crystal 
toward  the  cathode,  but  at  a  much  slower  rate  than 
with  the  Premiun-Q  crystal.  After  the  12  hour 
sweeping  period  the  Al-OH"  distribution  approaches 
that  of  the  as-grown  OH".  Similar  to  the  Premiun-Q, 
the  High-Q  shows  little  change  in  as-grown  OH” 
distribution  with  increasing  sweeping  time. 

Six  hours  of  vacuum  sweeping  introduces  a  very 
small  Al-OH"  hand  and  little  change  in  the  as-grown 
OH"  band.  Sweeping  for  an  additional  6  hours 
produces  a  relatively  strong  Al-OH"  band  close  to 
the  anode  which  decreases  sharply  toward  the  cry¬ 
stal  center.  In  contrast  the  as-grown  OH"  is 
depleted  at  the  anode  and  rises  sharply  toward  the 
center.  These  features  observed  for  High-Q  quartz 
are  in  general  agreement  with  those  found  for 
Premium— Q.  With  both  air  and  vacuum  sweeping,  the 
replacement  of  the  alkali  Ivans  with  OH"  proceeds 
along  t he  anode-cathode  axis  at  a  slower  rate  than 
In  Premium-'). 

hi senss ion 

These  experimental  results  lead  lo  the  follow¬ 
ing  conclusions  about  the  sweeping  process  and  the 
inherent  differences  between  air  and  vacuum  sweep¬ 
ing.  The  replacement  of  alkali  ions  with  \\+ 
begins  at  the  anode  and  proceeds  toward  the  cuhodc 
as  sweeping  progresses.  Increased  Al-OH  formation 
is  found  in  regions  of  the  crystal  with  stronger 
as-grown  n»i"  concent  rat  ion.  This  relationship 
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ABSORPTION  COEFFICIENT  NORMAL  TO  SWEEPING  DIRECTION 
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HIGH  O 
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Figure  11.  Absorption  coefficient  <x^  for  3581  and  3366  cm  *  bands  as  function  of  position  between 
anode  and  cathode  after  air  or  vacuum  sweeping  High-Q  quart*  for  the  Indicated  time  periods. 


might  be  evidence  that  with  air  sweeping,  hydrogen 
for  the  \l-0\r  defects  may  Initially  be  supplied 
from  the  as- grown  DM"  and  subsequently  replaced 
from  electrolysis  of  water  In  the  air  ambient.  A 
sharp  rise  in  the  A1-0H"  band  in  a  specific  region 
of  the  crystal  can  also  result  from  a  localized 
Increase  In  aluminum  concentration.  With  vacuum 
sweeping,  a  strong  depletion  of  as-grown  OH"  occurs 
ne  i r  the  anode  and  advances  toward  the  cathode, 
Indicating  that  these  OH"  ions  are  the  source  of 
hydrogen  for  the  alkali  replacement  process.  Owing 
to  r  more  limited  hydrogen  supply,  vacuum  sweeping 
forms  Al-OU”  at  slower  rate  than  air  sweeping. 

This  means  that  longer  time  periods  are  required  to 
sweep  a  sample  in  vacuum.  The  slower  Al-OH"  forma¬ 
tion  in  High-Q  as  compared  to  Premium-Q  is  attri¬ 
buted  to  the  difference  in  diffusion  rates 
of  Na  and  Li  ions.*-  The  progressive  depletion 
of  both  Al-OH"  and  as-grown  OH"  between  the 
anode  and  crystal  center  observed  in  Premium-Q  with 
increasing  vacuum  sweeping  time  may  indicate  re- 
dlf fusion  of  alkaH  to  the  Al-*4"  sites  when  the 
crystal  Is  still  at  high  temperature  with  no  elec¬ 
tric  fleH.  Another  possibility  is  the  formation 
of  a I'ini  nun-hole  centers. 

Cone luslons 

1.  The  hi gh- tempera  tore  acoustic  loss  spectrum 
shows  that  the  effects  of  sweeping  are  partially 
reversed  by  heating  above  iOO°C.  This  reversal 
saturates  and  the  exponential  loss  curve  paral¬ 


lels  that  found  in  unswept  quartz.  The  additio¬ 
nal  loss  is  contributed  by  residual  alkali  ions 
not  removed  by  the  sweeping  process  due  to  de¬ 
fective  channels. 

2.  Alkali  ton  replacement  with  hydrogen  depends  on 
the  initial  OH”  concentration  and  distribution  in 
the  crystal  both  for  air  and  vacuum  sweeping. 

3.  Vacuum  sweeping,  where  no  hydrogen  is  supplied 
by  the  ambient,  Involves  the  dissociation  of  as- 
grown  OH"  defects  and  proceeds  at  a  slower  rate 
than  air  sweeping. 
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^  The  elastic,  piezoelectric  and  dielectric  con¬ 
stants  of  berlinite  (a-AlPO, )  are  presented.  The 
berlinite  samples  were  obtained  from  the  Allied 
Corporation  and  grown  by  one  of  the  authors  (BHTC) . 
The  elastic  constants  were  measured  using  the  pulse 
echo  overlap  method.  The  piezoelectric  constants 
were  obtained  from  the  measurement  of  the  resonance 
and  antiresonance  frequencies  of  stiffened  shear 
modes  for  several  Y  and  *45°  rotated  Y-cut  plates. 
The  relative  dielectric  constants  were  measured  us¬ 
ing  capacitive  techniques  from  the  X  and  Z-cut 
plates  at  2  MHz.  The  measured  elastic  constants 
are  in  reasonable  agreement  with  the  results  of 
Chang  r.nd  BarschL*,  The  results  for  the  piezoelec¬ 
tric  constants,  and  e^,  were  found  to  be  small¬ 
er  in  magnitude  than  the  values  reported  by  Chang 
and  Barsch*.  The  measured  values,  .of  the  relative 
dielectric  constants,  Cjj  and  were  approximate¬ 

ly  equal  to  4. 8. 

In  order  to  further  validate  the  experimental¬ 
ly  determined  material  constants  of  berlinite,  the 
surface  acoustic  wave  (SAW)  velocity  and  a  measure 
of  the  SAW  piezoelectric  coupling,  Av/v,  were  calcu¬ 
lated  and  compared  to  experimental  results  for  sev¬ 
eral  crystallographic  orientations.  The  values  of 
the  calculated  SAW  velocity  and  Av/v  were  found  to 
be  in  good  agreement  with  experimental  results.  The 
values  of  Av/v  predicted  using  the  material  con¬ 
stants  reported  by  Chang  and  Barsch^  were  found  to 
be  significantly  larger  than  the  present  theoreti¬ 
cal  and  experimental  results.  It  may  therefore  be 
concluded  that  the  actual  piezoelectric  coupling  in 
berlinite  is  not  as  high  as  that  predicted  using 

the  Chang  and  Barseh  data*  for  e,.  and  e,.. 

11  14 

Introduction 

In  the  lart  decade  several  approaches  have 
been  proposed  ,  to  achieve  a  combination  of  temper¬ 
ature  stability  and  reasonable  piezoelectric  coup¬ 
ling  in  microwave  acoustic  devices  superior  to  that 
obtained  using  quartz.  One  of  the  most  promising 
approaches  in  terms  of  device  simplicity  involves 
the  use  of  a  single  substrate  which  can  include 
single  crystals,  ceramics  and  mixed  crystals. 


as  possible  alternatives  to  quartz.  These  include 
lithium  tantalate,  berlinite,  sulfosalt  materials, 
paratellurite,  B-eucrypt ite ,  lead  potassium  niobate, 
lithium  tetraborate,  tellurium  vanadate  and  preu- 
stite.  Over  the  last  five  years  the  material  which 
has  demonstrated  the  most  promise  is  berlinite.  Ex¬ 
citing  preliminary  theoretical  and  experimental  re¬ 
sults  for  surface  acoustic  wave  (SAW)  and  bulk  wave 
properties  in  berlinite  in  the  late  1970's  motiva¬ 
ted  several  research  groups  to  initiate  berlinite 
crystal  growing  programs. 

To  date,  the  highest  quality  berlinite  samples 
available  have  been  grown  at  the  Allied  Corporation. 
Preliminary  results  on  studies  of  bulk  and  SAW  pro¬ 
perties  of  Allied  grown  berlinite  have  been  very 
encouraging.  As  a  consequence,  a  study  involving 
the  experimental  determination  of  the  elastic,  di¬ 
electric  and  piezoelectric  constants  at  25°  C  and 
a  theoretical  and  experimental  study  of  the  SAW 
properties  of  berlinite  have  been  performed.  Using 
the  experimentally  determined  material  constants, 
the  SaW  velocity  and  piezoelectric  coupling  (Av/v) 
were  theoretically  predicted  for  a  large  number  of 
orientations.  Several  berlinite  devices  were  fab¬ 
ricated  and  the  SAW  properties  were  experimental  1 y 
determined  and  compared  to  the  theoretical  results. 

Material  Constants  of  Berlinite 

Perlinite  exhibits  trigonal  symmetry  (class 
and  has  six  independent  elastic  constants  c 
C-,,  C/F»  c,£,  c,~  and  c  *  two  dielectric 

constants,  e^*  and  and  two  piezoelectric  con¬ 


stants,  e1 


ij.  ,  ij 

and  e . . . J 
14 


Elastic  Constants 

The  zero-field  elastic  constants  can  be  deter¬ 
mined  by  measurements  of  the  bulk  acoustic  wave  ve¬ 
locities  for  a  sufficient  number  of  dist'.-et  propa¬ 
gation  and  polarization  directions.  For  each  of 
the  particular  directions,  the  acoustic  wave  velo¬ 
city,  v,  can  be  expressed  as. 


Several  single  crystals  have  been  proposed 

*Work  supported  by  the  Allied  Corporation,  Morris¬ 
town,  New  Jersey. 

Visiting  Professor  or.  leave  from  the  Tele  and  Ra- 
<jl lo^Rcsearch  Inst.,  Ratuszowa  1  1  ,  03-450  Warsaw, Po- 


c  *  effective  elastic  constant  for  the  partic¬ 
ular  direction 


mass  density. 
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Since  there  are  six  independent  elastic  con¬ 
stants  in  berlinite  the  effective  elastic  constant 
should  be  measured  for  at  least  six  different  bulk 
acoustic  modes.  The  analytical  expressions  for  the 
14  elastic  constants  used  in  the  present  study  are 
listed  in  Table  I. 

by  relating  the  acoustic  wave  velocity  to  the 
crystal  length,  x,  and  the  corresponding  propaga¬ 
tion  delay  time,  one  obtains  from  (1), 


frequency,  the  dielectric  constants  at  constant 
stress,  and  are  determined.  If  the  mea¬ 

surements  are  made  above  the  fundamental  resonance 


frequency,  then  the  dielectric  constants  at 
star. t  strain,  an(]  £  S#  are  determined, 
lationship  between  the  uieleetric  constants 
ed  at  the  two  above  conditions  is  given  for  berli¬ 
nite  as  follows, 

T  S 


con- 
TIil-  re- 
measure¬ 


'll 


'11 


:d 


li  li 


+  d 
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(2) 


The  six  elastic  constants  were  deduced  by  mea¬ 
suring  the  bulk  wave  velocities  of  modes  2,3,7-10, 
12  and  13  described  in  Table  I.  None  of  these 
eight  modes  contain  piezoelectric  or  dielectric  con¬ 
stants  and  are  referred  to  as  unstiffened  modes. 

The  bulk  wave  velocities  were  measured  using  a  Pan- 
ametrics  Ultrasonic  Time  Int ervelomet er  system  5054. 
This  system  makes  use  of  the  oulse  overlap  method 
described  by  McSklmmon. ^ 


Hie  round  trip  bulk  wave  transit  times  for  a 
number  of  crystal  samples  on  each  of  the  eight  dif¬ 
ferent  orientations  given  in  Table  1  were  measured 
and  the  associated  bulk  wave  velocities  were  ob¬ 
tained  from  equations  1  and  2.  Since  there  are 
eight  equations  relating  bulk  wave  velocities  to 
c..  and  only  six  independent  elastic  constants, 
soile  of  the  equations  were  solved  directly  and  the 
others  were  solved  using  a  minimization  technique. 
In  particular  this  involved  the  minimization  of  the 
following  f  unc  t ion , 
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M 

rn 


n*l  m=l 


fcexp  -  c,h!2  W 

'  nm  n  -  nm , 


where 


(3) 


-exp 

nm 


-th 

c 

n 


W 


nm 


The  measured  effective  elastic  constant  for 
mode,  n,  and  sample,  m. 

The  effective  elastic  constant  for  mode,  n, 

expressed  in  terms  of  the  c..,  from  Table  l 

ij  * 

A  weighting  factor  chosen  by  the  user  based 
on  confidence  in  a  particular  mode  and  sam¬ 
ple,  as  determined  hv  crystal  sample  nis- 
al ignment • 


M  =  Number  of  available  samples  of  mode*  n. 
n 

a  n  d 


n  =  The  unstiffened  mode  number. 


and 


'33 


e33  =  U- 


(4) 


The  dielectric  constant,  £  ,  can  be  measured 

with  better  accuracy  than  e,  ,  **  primarily  due  to 
the  lower  frequency  used  in  these  measurement s . 

For  this  reason  it  is  recommended  that  C  ^  be  mea¬ 
sured  directly  and  that  £  ^  be  calculated  from 

equation  (4)  once  the  piezoelectric  constants  are 
known . 


If  the  fringing  capacitance  at  the  edge  of  the 
electrodes  is  neglected,  the  capacitance  of  a  par¬ 
allel-plate  capacitor  below  the  fundamental  reson¬ 
ance  frequency  is  given  by, 


5) 


=  effective  dielectric  constant  under  con¬ 
stant  stre.s, 

A  *  eic-ctrode  area 


and 


T  =  plate  thickness. 


The  measured  valued  of  the  capacitance  per  unit 
area,  (C/A)  ,  is  always  greater  than  the  value  of 
capacitancemper  unit  area  of  the  plate  with  infi¬ 
nite  electrodes,  (C/A)a.  This  is  due  primarily 
to  fringing  capacitance. 


Consider  the  para  1  lei -plate  capacitor  shown  in 
Figure  l.  One  electrode  completely  covers  one  side 
of  the  plate  while  the  other  side  is  covered  with  a 
circular  spot  of  area  less  than  that  of  the  plated 
It  is  reasonable  to  assume  that  the  fringing  capa¬ 
citance  is  proportional  to  the  c i rcumference  c •  f  the 
circular  electrode.  The  measured  capnc  i  t  an  re,  C^,  is 
then  given  by. 


"7 

C  =  (C/A)  ~r"  + 

m 


1 


The  function  given  in  equation  (3)  was  minimized 
using  an  n  dimensional  search  program. 


who 


re 


r  =  radius  of  the  circular  electrode. 


1)  i  e  1  cc  t  r  1c  Cons  t  an  f  v 

S  ,  S 

The  two  dlelocy.c  constants,  and  £^f 

c.m  he  evaluated  ro"  measurements  of  the  capaci¬ 
tance  of  thin  plaf»-s  Wit  perpendicular  to  the  X  and 
7.  axis,  respectively.  -If  the  measurements  are 
made  at  a  frequency  lower  than  the  lowest  resonance 


and 

i  -  constant. 

Dividing  both  sides  of  equation  (6)  hv  A  *  t"  one 
obtains. 
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(C/A)  =  (C/A)  +  i-i  ♦ 

m  *-  — 

r 

Fro7"  equation  (7)  one*  may  expect  that  the  graph  of 
(C/A)  as  a  function  of  the  reciprocal  of  the  radi¬ 
us  wiTl  be  a  straight  line.  If  (C/A)  is  measured 
for  several  different  values  of  r,  then  (C/A)^  ran 
be  evaluated  bv  extrapolating  to  r  *  *•.  The  diele<- 
trie  constant  will  than  h c  determined  from  the  ex¬ 
pression, 

J  ■=  (C./A)J.  (8) 

In  the  case  ot  berlinite,  the  above  measurements 
are  performed  for  the  X  and  Z  cut  plates  respec¬ 
tively  in  order  to  determine  the  dielectric  con¬ 
stants,  and  •  jjT. 


P i e 7.0 e  1  l  ctri _c  Constant j* 

The  two  piezoelectric  constants,  and  e^, 
can  be  determined  from  the  measured  frequency  re¬ 
sponse  of  the  vibrating  plate  shown  in  Figure  2.  If 
a  lossless  piezoelectric  plate  vibrates  in  a  pure 
t-hickness  mode,  then  the  input  impedance  of  this 
plate  as  a  function  of  frequency  can  be  written  as 
follows*  -  _  f  ~l 


Z(f>  “  pTfc- 


2  L 

.  2  tan  2  fa  , 

k  - — C 

2  fa 


C ^  -  plate  capacitance, 

k  =  effective  electromechanical  coupling 


From  equations  (10)  and  (12)  the  following  expres¬ 
sion  results  for  e, 

>  _S 

e  «  k--?  L  '  '  (1.) 

l-k 

The  effective  unstiffened  elastic,  dielectric 
and  piezoelectric  constants  for  modes  1,  6,  11  and 
14  are  summaried  in  Table  II.  The  two  unknown  pie¬ 
zoelectric  constant e ^  and  e.^can  be  determined 
from  at  least  two  modes  presented  in  Table  II.  One 
of  these  modes  must  depend  on  the  piezoelectric  con¬ 
stant,  e...  For  example,  if  modes  6  and  11  are 
chosen,  then  from  equation  (14)  one  obtains  for 
modes  6  and  11  the  following  relations  for  the  pie¬ 
zoelectric  constants,  , 


c  f  S 

66  1  1 


e  +  e 
11  U 


(c44+c66+2c14)(LllS  +  C33S)  ’  °6) 

l-k26 


where  the  sign  of  must  he  positive. 
Substituting  e  ,  from  equation  (15)  into  equation 


(16)  one  obtains. 


f  «  frequence  at  which  Z*-  or  antiresonance 
a  , 

f  requency.. 

The  term,  k~ ,  can  be  expressed  as  follows, 

c  £ 


Cc44  +  c66  +  2c14)(t  lT 


*  effective  piezoelectric  constant 


c  “  effective  dielectric  constant  at  constant 
strain. 

For  the  resonance  condition,  Z(fr)«0,  the  relation 
between  k,  f  and  the  resonance  frequency^  f r# can  be 
written  f  onuut  icn  (9)  as  follows, 


S  T 
Since  E  ae 

►  A  * „ t 


for  weakly  coupling  materials 


tan  y. 

2  fa 

hu1  the  st  ii  toned  l  ,*<.11  and  14  defined  in 

Table  II,  the  effective  chv.tlr  constant  can  be 
written  making  use  of  relation  (10)  as 

(12) 


where  c  is  the  effective  unstiffened  elastic  con¬ 
stant  which  is  related  to  as  follows 


the  diet^ctric^constants  at  constant  stress  rather 
than  constant  strain  are  used  in  the  above  expres¬ 
sions  to  a  good  approximation. 

In  order  to  exper imental ly  determine  k  and 
k9,  one  must  account  for  losses  which  occur  in  the 
actual  vibrating  plate  or  resonator.  These  losses 
exist  due  to  internal  losses  such  as  dielectric, 
piezoelectric  and  elastic  losses  and  external  damp¬ 
ing  caused  by  metal  electrodes,  electrical  contacts 
and  mechanical  mounting.  Those  losses  can  be  rep¬ 
resented  by  a  series  resistance,  r,  in  the  electri¬ 
cal  equivalent  circuit  for  the  resonator  shown  in 
Figure  3.  When  this  circuit  is  connected  as  the 
bridging  element  of  a  pi  network  bavins  a  resis¬ 
tance,  R,  in  each  leg,  the  transfer  function  be¬ 
tween  the  input  voltages,  Vj  and  v„  can  be  ex¬ 
pressed  as  follows. 
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-  2  2 
F  +  (ru;C  ) 


-  1/2 


V2/Vl  '  S12' 


i 1 ^ +  F)2  +  ^v2 

L  o  -I 


where 


(18) 


“  _fr 

„  f  tan  2  fa  . 

F  =  t  : — — 


When  r*o,  the  measured  frequencies  of  maximum  and 
minimum  transmission  are  f  and  f  respectively.  This 
corresponds  to  Z*o  and  Z»c*>rrespec?ively .  However  due 
to  the  finite  internal  resistance,  r,  the  measured 
frequencies  of  maximum  and  minimum  transmission,  f ^ 
and  f9,  will  not  be  exactly  equal  to  f  and  f  re¬ 
spectively.  Therefore  the  capacitance,  C  ,  and  the 
resistance,  r,  are  measured  by  means  of  a  bridge, 
and  then,  from  the  measured  and  frequencies, 
the  values  of  f  and  f  can  be  evaluated.  This  is 
done  by  numerically  sofving  the  following  two  equa¬ 
tions. 


d  S 

”17 


12 


(19) 


Measurements  of  the  effective  elastic  con¬ 
stants  for  the  unstiffened  modes  listed  in  Table  I 
were  performed  at  room  temperature  on  a  number  of 
berlinite  cubes  using  the  procedure  outlined  earli¬ 
er.  Two  types  of  cubes  were  supplied,  those  having 
face  normals  parallel  to  all  three  crystallographic 
axes  (XYZ  cubes)  and  those  having  one  pair  of  face 
normals  parallel  to  the  crystal  X-axis  with  the 
other  two  pairs  rotated  by  ^^5°  with  respect  to  the 
Y  and  Z  axis  (-45°  cubes).  All  crystal  samples 
were  nonina  1 1  v 0 . 3"  on  a  side  and  had  opposing  faces 
which  were  extremely  parallel  as  a  result  of  a 
double-face  polishing  technique.  Information  on 
orientation  accuracy  supplied  by  X-ray  data  from 
Allied  indicated  that  the  X,  Y  and  Z  polished  faces 
were  generally  aligned  to  within  a  few  tenths  of  a 
degree.  A  few  samples,  however,  i.zd  angular  mis¬ 
alignments  of  nearly  one  degree.  So  information 
was  supplied  on  the  145°  cubes;  however,  one  such 
crystal  was  subsequently  sent  to  Mann  Laboratories 
in  Cambridge,  Massachusetts  for  X-ray  measurements 
in  order  to  determine  the  magnitude  of  the  orienta¬ 
tion  misalignment  of  both  the  ±45°  faces.  It  was 
determined  to  be  only  about  15  minutes  in  rotation 
about  the  X-erystal lograph ic  axis  and  slightly  less 
than  one  degree  out  of  the  Y-Z  crystal  plane. 


and 


d  S 


12 


df 


f  „ 


(20) 


Once  f  and  f  are  determined  from  equations  (19) 
and  (2 6),  k*^  ais  obtained  from  equation  (11).  e 
and  q.,  are  then  deduced  from  equations  (15)  ana 
07). U 


Suitability  of  any  given  sample  face  lor  mea¬ 
surement  was  determined  by  Its  orientation  accuraev 
as  well  as  the  sensitivity  of  the  effective  elastic 
constant  modes  associated  with  this  face  to  mis¬ 
alignment  It  was  found  that,  in  general,  a  1° 
angular  misalignment  in  a  face  normal  resulted  in 
nominally  a  1%  error  in  effective  elastic  constant  . 
One  exception  was  found  to  be  the  X-face  for  which 
sensitivity  to  orientation  error  was  more  than  an 
order  of  magnitude  smaller. 


The  SAW  Properties  of  Berlinite 

In  order  to  determine  the  validity  of  the  mea¬ 
sured  elastic,  dielectric  and  piezoelectric  con¬ 
stants,  the  SAW  velocity,  v,  and  coupling,  \v/v, 
were  theoretically.  predicted  for  several  crystal 
orientations  and  compared  to  experiment.  The  delay 
line  used  in  making  the  measurements  was  designed 
with  a  large  »perature,  to  minimize  the  effects  of 
non-zero  power  flow  angle,  and  with  few  fingers 
and  wide  enter  to  center  separation  in  order  to 
minimize  the  effects  of  transducer  metallization. 
The  devices  consisted  of  25  unsplit  finger  pair 
transducers  having  finger  width  of  1  Og.ni ,  an 
■  tporature  of  2mm  and  roughly  a  unity  stripe  to  gap 
ratio.  Transducer  center  to  center  separation  was 
(>mm  and  the  aluminum  electrodes  were  1500.v  thick. 

The  SAW  velocity  was  obtained  by  measurement 
of  the  center  frequency  for  the  transducer  passbind 
and  t  rom  knowledge  of  the  finger  periodicity.  The 
coupling  was  measured  using  two  techniques,  stand¬ 
ard  conductance  measurements  using  an  R A  bridge 
and  the  phase  change  method.  The  latter  technique 
measures  the  change  in  delay  line  phase  and  cor¬ 
responding  velocity  shift  when  a  metal  laver  is 
ev ..porated  in  situo  on  the  crystal  surface  between 
the  electrodes. 

Results  and  Discuss  ion 
blast ic  Constants 


Effective  elastic  constants  at  room  tempera¬ 
ture  for  modes  associated  with  suitable  faces  were 
then  obtained  experimentally  as  outlined  earlier. 
Effective  elastic  constant  values  obtained  fur  anv 
sample,  which  were  found  to  be  widely  scattered 
from  values  for  other  samples  of  the  same  mode, 
were  omitted  from  the  least  square,  fit  procedure. 

In  performing  the  least  squares  fit  for  tin- 
elastic  constants,  c..,  a  unitv  weighting  factor 
was  chosen  for  all  modes  with  the  exception  of  the 
unstiffoned  X-face  modes,  n=l  and  Because  ot 

the  significantly  lower  sensitivity  to  crystal  mis 
alignment  associated  with  these  faces,  a  weighting 
factor  of  10  was  chosen.  This,  in  effect,  forces 
these  two  effective  elastic  constants  to  obev 
nearly  exactly  the  functional  relationship  with  r< 
spect  to  the  «  hist  ic  constants  indicated  in  Table 
I.  In  the  limit  of  an  infinite  weighting  factor, 
the  functional  relationship  becomes  an  identity. 
One  further  modification  to  the  fitting  procedure 
was  to  fix  the  value  of  c  as  determined  bv  mea¬ 
surements  of  the  stiffened  X-face  longitudinal 
mode  n=l  and  measurements  of  e  and  i  .  This 
choice  was  also  motivated  by  the  insensitivity 
of  the  X-factj  modes  to  misalignment  error. 

In  performing  the  fit,  an  initial  guess  for 
the  elastic  constants,  c  was  provided  based 
upon  experimental  measurements  of  the  effective- 
elastic  constants  for  six  unstiffoned  modes 
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(u=2,  3,  7,  8,  9,  10).  The  values  obtained  for  the 
effective  elastic  constant  for  each  mode,  n,  were 
averaged  over  all  M  samples.  The  resultant  six 
equations  were  then  solved  for  the  six  independent 
elastic  constants  which  were  then  used  as  the  ini¬ 
tial  guess  for  the  fitting  routine.  Table  III  in¬ 
dicates  the  room  temperature  values  of  the  elastic 
constants  obtained  as  a  result  of  the  least  squares 
fit  as  well  as  a  comparison  with  measured  values  of 
Chang  and  Barsch.^  Also  indicated  is  an  estimate 
of  the  error  associated  with  each  constant.  This 
estimate  is  based  upon  the  spread  between  the  ini¬ 
tial  guess  for  c^,.  and  the  final  fitted  value.  In 
the  limit  of  no  experimental  error,  initial  and 
final  valuer  become  identical. 

A  further  check  of  the  validity  of  the  ob¬ 
tained  room  temperature  data  set  is  found  by  com¬ 
paring  the  effective  elastic  constants  for  each 
mode,  n,  generated  by  this  set  with  average  exper¬ 
imental  values.  Table  IV  shows  this  comparison  and 
includes  as  an  independent  check  of  the  data  set 
a  comparison  for  a  number  of  stiffened  modes  as 
well.  The  effective  elastic  constants  for  these 
modes  required,  additionally,  the  inclusion  of  the 
measured  room  temperature  piezoelectric  and  dielec¬ 
tric  constants.  All  deviations  are  well  within  ex¬ 
perimental  error. 

Dielectric  Const ants 

Four  X  and  four  Z-cut  berlinite  plates  of  a 
thickness  T  =  (0.566  ±  0.003r:m)  and  an  area  of 
about  lcm2  were  used  for  dielectric  constant  mea¬ 
surements.  The  well  polished  surfaces  were  plated 
with  a  0.i*jm  thick  aluminum  layer  in  a  vacuum 
system  equLpped  with  an  electron  gun  evaporator. 
Each  of  these  samples  was  then  attached  to  the 
stainless  steel  support  by  means  of  a  silver  paste. 

The  circular  top  electrodes  were  fabricated  by 
standard  photolithographic  technology.  The  diame¬ 
ters  of  the  top  electrodes  used  were  approximately 
equal  to  8.9,  7.8,  5.8  and  4.5  millimeters  re¬ 
spectively  with  an  accuracy  of  about  t  .005mm. 

The  capacitance  of  each  sample  was  measured  by 
means  of  the  HP250B  RX  meter  at  a  frequency  of  1 
MHz.  The  accuracy  of  the  capacitance  measurement 
was  estimated  to  be  about  ±  0.01  pf. 

From  extrapolation  to  infinite  diameter,  the 
value  obtained  for  (C/A)^  was  7.45  pF/cm^  for  the 
X  and  Z-cut  samples.  Data  appropriate  to  a  Z-cut 
sample  is  shown  in  Figure  4. 

It  is  estimated  from  equation  (7)  and  taking 
measurement  errors  in  account  that, 

T  T  ,  R  -  , 

1 1  A>  '  i  o 


The  X-cut  samples  were  also  measured  at  a  fre¬ 
quency  of  15  MHz.  From  these  measurement s  it  was 
estimated  that  •  j  ^  /  »:0  4.7. 

T  T 

The  berlinite  dielectric  constant , e j.  and 
have  been  measured  by  many  authors. ^“9  However, 


the  measurement  procedures  were  not  well  refined 
and  the  results  were  sample  dependent.  The  publish¬ 
ed  values  of  the  relative  dielectric  constant, 

,  ranged  from  6.05  to  4.55  and, e -T/e  .ranged 
from  8.03  to  ** .  39 .  The  differences  in  these  re¬ 
sults  may  be  attributed  to  crystal  defects,  water 
and  fringing  capacitance.  Crystal  defects  such  as 
bubbles  and  inclusions  have  a  strong  influence  on 
the  dielectric  constant.  Water  having  a  relatively 
large  dielectric  constant  of  80  may  have  the  most 
significant  effect  on  the  dielectric  constant  of 
berlinite.  Due  to  defects  and  water,  relaxation 
peaks  were  observed  in  the  loss  tangent  and  step¬ 
like  kinks  in  the  dielectric  constant  as  a  function 
of  temperature . A 8  in  these  cases,  the  dielectric 
constant  has  a  strong  frequency  dependence.  There¬ 
fore,  the  larger  measured  values  of  the  berlinite 
dielectric  constant  were  probably  received  for  sam¬ 
ples  with  a  significant  water  content. 

In  the  present  work,  good  reproducibility  of 
the  measured  dielectric  constant  from  sample  to 
sample  was  obtained.  Also  changes  in  the  dielectric 
constant  with  frequency  were  small.  This  indicates 
that  the  berlinite  crystals  studied  in  the  present 
work  were  of  high  quality  and  with  low  water  con¬ 
tent  . 


Finally,  if  fringing  capacitance  is  excluded, 
the  dielectric  constant  will  be  larger  than  expect¬ 
ed.  As  described  earlier,  the  fringing  capacitance 
has  been  accounted  for  in  the  present  work. 

Piezoelectric  Constants 


The  piezoelectric  constants  of  both  berlinite 
and  quartz  were  determined.  The  reason  for  examin¬ 
ing  the  latter,  for  which  the  piezoel ectric  con¬ 
stants  are  well  known,  was  to  insure  that  the  exper¬ 
imental  procedure  was  accurate.  Three  Y-cuts,  three 
-45°  Y-rotated  cuts  and  one  +45°  Y-rotated  cut  of 
berlinite  were  studied.  The  resonance  and  anti- 
resonance  frequencies,  f  and  f  ,  for  the  Y-cut  and 
+45°  Y-rotated  cuts  were  determined  as  discussed 
earlier.  The  results  were  averaged  and  the  asso¬ 
ciated  electromechanical  coupling  coef f icients ,  kjj 
and  k  ,  were  then  determined  from  equation  (11). 
Finally,  equations  (15)  and  (17)  were  used  to  ob¬ 
tain  e, ,  and  e . . . 

11  14 

The  values  obtained  for  the  piezoelectric  con¬ 
stants  for  berlinite  are  summarized  in  Table  V  and 
compared  to  experimental  results  obtained  by  other 
workers.  Also  given  in  Table  V  is  a  comparison 
between  the  experimentally  determined  piezoelec¬ 
tric  constants  of  quartz  and  values  given  by  Bech- 
mann.  In  the  case  of  quartz,  the  agreement  be¬ 
tween  the  present  results  and  those  of  Bechmann  is 
excellent,  thereby  insuring  the  validity  of  the 
present  experimental  approach. 


In  the  case  of  e  and  e  for  berlinite,  the 
present  results  are  much  smaller  than  those  re¬ 
ported  by  Chang  and  Barsch.^  This  is  not  unexpect¬ 
ed  since  the  pulse  measurement  technique  used  in 
the  Chang  and  Barsch  work  is  very  inaccurate  when 
the  electromechanical  coupling  is  small.  In  this 
case  the  measurement  error  is  comparable  to  the 
piezoelectric  stiffening  term. 
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From  the  known  values  of  the  e..,  e.,  and  c.  E 
constants,  d  .  and  d  ,  were  evaluated.  An  examin* 
atlon  of  the  values  ror  d..  In  Table  V  reveals 
that  the  values  of  the  present  study  are,  in  all 
cases,  lower  then  those  obtained  in  previous  studies. 
Since  Mason's  measurements0  were  performed  on  old, 
poor  quality  berlinlte  crystals,  the  existing  dif¬ 
ferences,  therefore,  might  be  justified.  The  ber- 
linite  crystals  used  by  Kolb  et  al*  were  also  not 
of  high  quality  since  they  received  a  large  scatter¬ 
ing  in  the  d  ,  e.^  ancj  constants.  They  also 
received  too  large  a  value  for  the  d^  constant 
for  quartz.  Therefore,  their  results  are  suspect. 
Uchino  and  Cross^  received  good  agreement  for  the 
d..  constant  of  quartz,  but  they  studied  old  ber- 
ltnite  crystals.  Finally,  both  Kolb  et  al*  and 
L’chino  and  Cross!*  used  methods  which  were  not 
accepted  by  IEEE  Standard  of  Piezoelectricity  for 
piezoelectric  constant  determination. 

SAW  Velocity  and  wv/v 

The  berlinlte  samples  used  for  the  SAW  velocity 
determination  were  typically  1cm  long  in  the  propa¬ 
gation  direction  with  a  thickness  about  1mm.  Aligir- 
ment  accuraev  in  the  propagation  direction  was  es¬ 
timated  to  he  +1°.  The  SAW  velocity  for  several 
orientations  was  determined  as  described  earlier. 

I he  results  of  the  measurements  are  presented  in 
Table  VI  and  compared  to  a  theoretical  calculation 
based  on  the  material  constants  given  earlier. 

An  estimated  error  in  SAW  velocity  measure¬ 
ments  ot  id')  m/sec  is  based  upon  accuracy  with 
which  transduce!  finger  periodicity  and  center  f  re- 
jtiencv  could  be  measured. 

The  agreement  between  theory  and  experiment  is 
within  i’l*  m/sec  for  all  cuts  studied  except  the 
71.3°  Z-axis  cylinder  cut.  The  fact  that  the  crys¬ 
tals  may  he  misoriented  by  at  least  .3°  and  that 
the  t r on s due or  alignment  is  accurate  within  t 1° 
might  explain  in  part  the  discrepancy  of  46  m/sec 
in  this  cut. 

The  /.v/v  parameter  was  determined  using  the 
cond  u  t.ince  and  phase  methods  for  several  orienta¬ 
tions.  In  the  conductance  method,  the  input  con¬ 
ductance,  and  capac  i  t.ince,  C  ,  of  the  two  inter¬ 
digital  transducers  in  each  orientation  were  mea¬ 
sured  hv  means  ef  the  HP230B  KX  meter.  From  these 
measurements,  the  known  central  frequencies,  f  , 
the  number  ot  linger  pairs,  N,  and  the  effective 
.Mole- trie  constant,  and  the  \v/v  parameters 

v.  re  evaluated.  The  results  presented  in  Tamle  VI 1 
are  the  aver. ice  of  the  measurements  on  each  trans- 
du.er.  hue  to  the  poor  qualitv  of  the  interdigital 
t  r.m.sdiu  or  tinners  (partial  fingers,  narrow  fin¬ 
gers)  and  due  t<>  the  input  conductance  and  capaci¬ 
tance  measurement  errors,  the  accuracy  of  the  .'.v/v 
determination  using  the  conductance  method  was 
about  t  .Pi  . 

The  ‘v/v  parameter  was  also  measured  bv  means 
•t  tiu  phase  method  in  a  vacuum  svstem  lor  three 
»-r  i  eii  tat  ions  listed  in  Table  VI  f.  The  error  in 
t!ii'  ‘.v^v  measurement  is  estimated  to  lie  about  -4’. 
The  agreement  h'r  the  ‘.v/v  parameter  received  from 
the  two  methods  is  verv  good. 


The  measured  Av/v  parameters  are  also  compared 
with  values  calculated  using  our  material  constant 
and  the  material  constants  of  Chang  and  Barsch  In 
Table  VII.  The  values  of  Av/v  determined  using  the 
material  constants  measured  in  the  present  study 
are  in  much  better  agreement  with  experiment  than 
the  Av/v  values  predicted  using  the  material  con¬ 
stants  of  Chang  and  Barsch. 1  This  seems  to  indi¬ 
cate  that  the  present  values  of  e..  and  e  are 
more  reliable  than  the  values  reported  byghang 
and  Barsch.  Possible  discrepancies  between  the 
present  theory  and  experiment  may  be  attributed  to 
sample  orientation  errors  and  small  errors  in  e.. 

and  e., 
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Summary  and  Conclusions 

Berlinite  crystals  grown  by  the  Allied  Corpora¬ 
tion  have  been  evaluated  both  experimentally  and 
theoretically  to  determine  their  potential  for 
microwave  acoustic  applications.  The  room  temper¬ 
ature  values  of  the  elastic, dielectric  and  piezo¬ 
electric  const  ants  have  been  obtained  and  yield 
good  predictions  of  SAW  velocity  and  electromechan¬ 
ical  coupling  measured  experimentally  on  a  number 
of  delay  line  or ientat ions .  The  repeatability 
of  the  measured  constants  from  sample  to  sample 
indicates  the  high  quality  and  uniformity  of  the 
Allied  grown  material.  The  electromechanical 
coupling  of  berlinite  was  found  to  be  signifi¬ 
cantly  lower  than  that  reported  bv  Chang  and 
Barsch*  hut  still  almost  three  times  that  of  ST- 
cut  quartz  for  temperature  compensated  orienta- 
t ions . 
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Table  I.  Effective  elastic  constants,  c,  of  berliniteL 


No. 

Direction  of 
Propagation 

Mode 

Y%/^45°  designates  u  ±45°  1 

'stated  Y -rut  r»airr»li*. 

1 

X 

L 

cn  *  en  /£n 

2 

X 

FS 

<*66  *  *44>'2  *  C<*66  -  *44^  *  4'u7/2/2 

3 

X 

SS 

(c66  *  C44*/2  '  i<*66  "  *44)?  * 

4 

y 

QL 

<*44  *  Cll*/2  *  f<*44  -  c,,)2  ♦  «c,42]'«/2 

5 

V 

OS 

(c44  *  Cll)/2  -  [!c44  -  cll>2  *  4c14?3,/2/2 

6 

Y 

3 

c66  *  *11  'Ml 

7 

Z 

l 

*33 

3 

z 

S 

*44 

9 

Y7*45° 

01 

(ctl  *  *33  *  2c44  "  2c14)/4  *  f(cll 

-  *33  -  2*14>2/  4  *  <*44  *  *13  • 

C,4)2-1/2/2 

10 

Y ' /+4S® 

os 

'*11  *  *33  *  2c44  '  2*!4*'4  ’  Ucn 

'  *33  ‘  2*14>2/  4  *  <*44  *  *13  - 

*,4;2;’/2/2 

11 

Y7+45° 

s 

**44  *  *66  *  2c14*/2  *  **26* 

12 

Y7-45° 

QL 

<*11  *  *33  *  2*44  *  2*14>24  *  f**„ 

-  *33  *  2*14>2/  4  *  <*44  *  *13  * 

*,4)2]’/Z/2 

13 

Y7-450 

0$ 

<*11  *  *33  *  2*44  *  2*14>/4  -  I<*11 

‘  *33  *  2*11>2/  4  *  <*44  *  *13  * 

*,4;2],/2/2 

14 

Y7-450 

S 

<*44  *  *66  "  2*14)/2  *  <e26*^  *22 

e26  * 

-<*U  *  f14>/2 

L  »  Longitudinal 

Ql  c  Quasi  -  Longitudinal 

e26  * 

*<*n  ‘  eH>/2 

FS  »  Fast  Shear 

OS  «  Quasi  *  Shear 

*  22  * 

('ll  *  *33*/2 

SS  ■  Slow  Shear 

C7  *  Ci/ 

S  •  Shear 

.  S 

‘ij  ’  c  1  j 


Table  II.  Effective  unstlffened  elastic  constants  and 
effective  dielectric  and  piezoelectric  con¬ 
stants  for  modes  1,  6,  11,  and  14  In  berll- 
nite. 


Table  Ill. 


Comparison  of  present  result 
for  room  temperature  elastic 
constants  (in  10"  N/m^)  with 
corresponding  data  of  Chang 
and  Barschl. 


No. 

Direction 

of 

Propagation 

Mode 

t 

Ts 

*! 

*u 

Present 

Work 

C^a-g  jn 

r  S  C  * 

°11 

s 

*11 

.6931  ♦ 

.002 

.6401 

.  CO  ’ 

1 

1 

l 

cu 

'll 

*12 

.1051 

.014 

0?2< 

:u 

6 

Y 

5 

c 

66 

s 

lu 

'll 

*13 

*14 

134? 

-.1299 

00? 

-  i??: 

.  ?  Of 

11 

Y  7*45 

S 

’  *44  *  C66  * 

2*I4>'2 

„S)/2 

-('„  *  .,,1/2 

*33 

.8b60  ; 

302 

.85't 

.20  3 

14 

Y  7*45 

s 

(c44  *  c66  ' 

2*14>'2 

h,s* 

33S>'2 

-  ',4>'2 

*44 

*66 

.430?  • 

. 2940  ♦ 

.  30? 

.005 

.4317 

,?:3f 

0C3 

OOt 

Figure  1.  Parallel-plate  capacitor  viewed 
from  the  top  and  the  side. 


Figure  2.  Geometry  of  a  vibrating  ber- 
linite  plate. 
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Table  IV. 


Comparison  of  average  experimental  and 
computed  values  for  effective  elastic 
constants  (in  10"  N/tn2) . 


A.  M0tj#s  in  Least  So^are  Fit 


exp 

th 

cn 

n 

Mode 

Cmn 

Percent 

Ui ffenence 

1 

XL 

.5976  ♦ 

•  0015 

.6977 

.015 

2 

Xf$ 

.5066  J 

.0005 

5088 

-.t£ 

3 

xss 

.2156  ♦ 

.0002 

•  2155 

.05 

7 

XL 

-  B&63  ♦. 

.003 

•  6882 

.01 

6 

XS 

.4324  ♦ 

•  303 

.4302 

-.50 

9 

♦45  Ql 

1.0247  : 

.005 

■  0228 

.19 

10 

♦45  QS 

.3278  ♦ 

003 

.  3270 

.24 

12 

-45  Ql 

.  7878  * 

.004 

■  7908 

-.33 

13 

-45  qs 

.2991  t 

.002 

■  2997 

-  .20 

B. 

Modes  Used  as 

an  Independent 

4 

VQl 

.7412  ♦ 

.005 

-74t4 

.70 

5 

*qs 

.3804  ♦ 

006 

.  3760 

90 

6 

YS 

.2995  t 

001 

.  2906 

30 

11 

♦45  5 

.2350  ♦ 

.002 

■  2339 

.50 

14 

-45  5 

4915  ♦ 

.002 

4928 

26 

Figure  3. 


Equivalent  electrical  circuit  of  a 
resonator  where  Z  (f)  is  the  impe¬ 
dance  of  the  lossy  piezoelectric  plate 
and, 


X  - 


uC 


1  - 


1  i_ 

2  fa 


,  2 

k  tan 


Figure  4.  Variation  of  (C/A)  for  2-cut  berli- 
nite  as  a  function  of  the  inverse 
electrode  radius.  Dots  -  experimental 
data;  solid  line  -  curve  fit  to  exper¬ 
imental  data;  dashed  line  -  extrapola¬ 
tion  to  infinite  radius. 


efJ  ;Coul/m?] 
OuAtO*,?(m/V] 

Tub  It*  ' 

V .  Room  temperature  piezoelectric  constants, 
and  d^,  of  berlinite  and  quartz. 

fieri  Ini 

te 

Prese-t 

Study 

Chang, 

Sarsch 

_H_  . 

Mason 

_ L  i_ 

Kolb  et.al . 

Uchino 

Cross 

I  ill 

Present 

Study 

Bechtnann 

UChino 

Cross 

r  ni 

Kolb  et.al . 

I  9  1 

*11 

O.U 

0.30 

- 

016 

0  17 

*14 

0.02 

-0.13 

- 

- 

- 

-0.04 

-0.04 

— 

— 

*11 

2.67* 

S.  10b 

3.33 

3  52 

3.98 

- 

2.31 

7-27 

2.80 

*14 

J.20* 

0. 03* 

1.55 

- 

— 

- 

0.73 

— 

— 

^Calculated  f r<*  the  and  determined  in  the  present  study. 

^Calculated  from  the  e,j ,  e,4  and  C{j  determined  by  Chang  end  Bench  [  i]. 


Table  VI.  Measured  center  frequency  and  associated 
SAW  velocity  for  different  orientations  in  berlinite. 


S*y  velocity 

Euler  Anq Jet  Center  frequency  £*p  Theory 

‘  _ i’ _ fa  Cmhz] _ [*/*ecj _ Wsec3 


-30.4*  X-Boule 

0 

-80.4* 

0 

69.92 

2744 

2752 

'46.f°  y-3oule 

0 

-46.6° 

0 

68.05 

2749 

2763 

19. 1*  *-Cut 

90' 

90* 

19.1* 

68.75 

2777 

2776 

71.5*  2-Cylinder 

71.5* 

90* 

0 

70.07 

2831 

2785 

Ooubly  Rotated  A* 

13.2* 

50* 

-11 .9* 

60.  AC 

2763 

2777 

Ooubly  Potated  B* 

10.3* 

90* 

-15.5* 

68.85 

2781 

2788 

Table  VII.  Comparison  of  the  experimentally  measured  values  of  Av/v 
as  determined  by  the  conductance  method  and  the  phase 
method  with  theoretical  values  based  on  material  constant.-', 
determined  by  Chang  and  Barsch.^ 


OrlentAtlon 

^  »  10** 

Conductance  Method  Phase  Method 

Theory* 

Theory* 

-  80.4  X  -Boute 

0.10 

0.10 

0.105 

0.230 

-  46.6  «  -Boult 

0.06 

- 

0.068 

0.157 

19.1*  I-Cut 

O.U 

O.U 

0.100 

0.271 

71.5*  7-Cylinder 

0.14 

0.1S 

0.116 

0  266 

Ooubly  Rotated  A* 

O.U 

- 

0.111 

0.269 

Ooubly  Rotated  B* 

O.U 

- 

0.1U 

0.252 

* Theory  utilizing  material  constant*  determined  in  the  present  study. 
^Theory  utilizing  mate-let  constants  determined  by  Cheng  and  Banach  f ij . 
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Summary 


ft 


o 


The  oscillation  frequency  behavior  of  the 
quartz  crystal  plates  Is  observed,  while  a  laser 
beam  as  a  kind  of  probe  is  irradiating  different 
points  of  their  principal  surfaces.  Such 
frequency  behavior  is  characteristic  to  the 
respective  angle  of  cut  and  is  independent  of  the 
geometry  and  type  of  the  electrode  or  support. 


We  utilized  a  laser  beam  as  a  kind  of  probe  to 
cause  the  thermal  frequency  behavior  of  the  plate 
as  well  as  the  electrical  probe  method1*  in  the 
study  of  vibrational  modes.  We  Irradiated 
different  points  of  the  principal  surfaces  of 
AT-cut,  IT-cut  and  SC-cut  plates  excited  by  a 
gap-type  holder  or  evaporated  electrodes. 


There  are  three  kinds  of  region  on  an  AT-cut 
plate  which  show  different  types  of  thermal 
frequency  behavior.  The  amounts  of  the  frequency 
shifts  in  IT-cut  and  SC-cut  plates  are  about  1/5 
to  1/10  times  those  in  AT-cut  plate  for  the  same 
irradiation  power  of  the  laser. 

The  results  suggest  a  possibility  of 
compensation  for  the  thermal  frequency  transient 
of  a  crystal  unit  by  optimizing  the  electrode 
configuration  and  the  reflectivity  of  the 
electrodes  for  the  infrared  rays. 


Introduction 

The  oscillating  frequency  of  an  oven-controlled 
crystal  oscillator  shows  an  excursion  not 
anticipated  from  the  static  temperature-frequency 
characteri sties  of  the  crystal  units,  when  the 
oven-temperature  was  subjected  to  a  small  change.1 
This  phenomenon  is  known  as  the  thermal -shock . 

The  cause  of  the  thermal  shock  is  mainly  stress 
due  to  nonuniform  temperature  distribution  in  the 
quartz  crystal  plate  with  a  temperature  change. 

To  obtain  a  resonator  immune  to  a  temperature 
change,  a  new  cut  of  quartz  crystal  was  devised. 

lhe  thermal  frequency  transient  is  usually 
observed  as  a  whole  by  producing  the  abrupt  change 
in  temperature  of  the  oven  in  which  the  crystal 
resonator  was  placed.  This  approach  is  not 
sufficient  for  the  analysis  of  the  mechanism  of 
the  thermal  shock  in  a  plate  of  a  finite  size. 

As  an  approach  to  analyze  the  mechanism  of  the 
thermal  shock  in  a  crystal  plate  of  a  finite  size, 
a  laser  beam  was  employed  in  our  study  as  a  small 
heat  source  to  cause  a  thermal -stress  in  the 
plate.  Using  a  laser  beam,  Gagnepain  measured  the 
frequency  variations  due  to  thermal  gradient  in  a 
10-MHz  AT -cut  plate .  ' 


Experimental 

1.  Frequency  transient  measuring  system 

The  measuring  system  is  shown  in  Fig.l,  in 
which  a  quartz  resonator  and  an  active  circuit 
compose  an  oscillator  under  test.  A  specimen 
plate  is  directly  irradiated  by  a  laser  beam  of 
He-Ne  laser  with  3.1  mW,  whose  beam  diameter  is 
1.2  inn.  The  specimen  plates  were  operated  at  room 
temperature.  The  exciting  current  was  less  than 
1.0  mA.  The  output  frequencies  from  both 
oscillators,  the  reference  and  the  oscillator 
under  test,  are  mixed.  The  lower  sideband 
frequency  is  outputed  on  a  printer  and/or  a 
recorder. 

2.  Thermal  frequency  behavior  of  AT-cut  plate 

The  specimens  used  are  5th  overtone  5-MHz 
plano-convex  AT-cut  plates  with  maximum  thickness 
of  1.68  mm,  diameter  of  15  mm,  radius  of 
curvature  of  120  mm,  and  Q  of  2.3  x  10'  in 
vacuum.  The  specimens  with  positive  or  negative 
frequency  temperature  coefficient  were  prepared. 

A  gap-type  holder  was  also  used  to  eliminate  the 
effect  of  the  evaporated  electrodes  and  the 
supporting  on  the  frequency  behavior. 

As  shown  in  Fig. 2,  the  holder  is  composed  of  an 
upper  electrode  and  lower  electrode  made  of  brass, 
and  a  glass  spacer.  On  the  lower  electrode,  three 
small  paper  shims  of  30  .  m,  on  which  the  specimen 
plate  is  placed,  are  set.  Holes  of  1  mm  in 
diameter  are  drilled  in  the  upper  electrode, 
through  which  a  laser  beam  irradiates  the 
specimen.  Two  kinds  of  the  upper  electrode  were 
made  as  shown  in  Fig. 3.  The  gap  between  the  upper 
electrode  and  the  specimen  is  about  50  cm.  The 
polar  coordinates  as  shown  in  Fig. 4  is  used  to 
indicate  the  points  on  the  specimen  surface  on 
which  the  beam  is  irradiated. 
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When  the  specimen  is  irradiated  directly,  a 
frequency  change  of  the  order  of  0.01  Hz  at  5 -MHz 
took  place,  as  shown  in  Fig. 5.  As  is  seen  from 
the  figure,  the  signal  to  noise  ratio  is  inferior. 
Therefore,  a  black  line  is  drawn  on  the  surface 
along  the  irradiating  points  for  the  higher 
absorption  of  the  beam.  As  shown  in  Fig. 6,  about 
50  times  frequency  excursion  was  obtained  for  the 
same  irradiation  power  without  any  substantial 
change  in  the  frequency  behavior. 

The  types  of  the  frequency  behavior  are  divided 
into  three  types,  (a),  (b),  and  (c)  as  shown  in 
the  right-hand  side  of  Fig. 7.  Type  (a)  shows  a 
positive  frequency  excursion  at  the  time  when 
laser  beam  is  irradiated.  Type  (b)  shows  a 
negative  frequency  excursion  and  type  (c)  shows 
spikes  at  the  beginning  and  the  end  of  the 
irradiation.  A  region  on  the  plate,  which  shows 
type  (a)  frequency  behavior,  is  named  region  I, 
the  region  showing  type  (b)  is  named  region  II  , 
and  the  region  showing  type  (c)  is  named  region 
III. 

The  region  I  has  the  shape  of  an  ellipse,  whose 
major  axis  is  0.7D  and  minor  axis,  0.5D,  where  D 
is  a  diameter  of  the  specimen.  The  shape  of  the 
region  I  roughly  corresponds  to  that  of  the 
dominant  displacement  region  of  the  thickness- 
shear  fundamental  vibrational  mode. 5  The  types  of 
the  frequency  behavior  do  not  depend  on  the 
frequency-temperature  coefficient  of  the  specimen, 
that  is,  whether  it  is  positive  or  negative.  The 
maximum  frequency  excursions  along  diameters  are 
shown  in  Fig. 8.  In  this  case,  only  the  frequency 
excursion  in  the  region  III  is  estimated  as  the 
excursion  settled  down  after  the  spikes.  The 
crossovers  on  the  axis  of  abscissa  compose  the 
borderline  between  the  region  I  and  II. 

The  frequency  behavior  of  specimens  excited 
with  evaporated  electrodes  are  shown  In  Figs .9  and 
10.  Upon  measuring  the  frequency  excursion  on  the 
point  0,  the  specimen  Is  dotted  with  black,  ink. 

The  types  of  the  behavior  Is  similar  to  that  in 
Fig.  6.  This  result  means  that  the  behavior  is 
characteristic  to  plano-convex  AT-cut  plate  and 
independent  of  the  type  and  configuration  of 
electrode  and  supporting. 

The  values  of  the  frequency  excursion  to  the 
radiation  power  were  measured  by  attenuating  the 
intensity  of  the  beam  with  neutral  density 
filters.  As  shown  in  Fig. 11,  the  frequency 
excursions  are  proportional  to  the  irradiated 
power  (  P  <3.5  mW  )  and  the  proportionality  holds 
independent  of  the  regions. 

3.  Thermal  frequency  behavior  of  IT-cut  plate  and 
SC-cut  plate  "  . . 

The  IT-cut  specimen  used  is  ;  5th  overtone  5 
MHz  plano-convex  plate,  15  mm  In  diameter,  maximum 
thickness  of  1.794  mm,  radius  of  curvature  of  120 
mm,  and  Q  of  1.96  x  10 €  In  vacuum  with  Cr-Au 
evaporated  electrodes.  In  this  case,  the  specimen 
was  glued  to  supporting  wires  of  a  holder  like  the 
HC/6U  with  conductive  cement  and  Irradiated. 


Since  the  temperature  coefficient  of  the  specimen 
at  room  temperature  is  5  x  10'7/°C  and  the 
frequency  excursion  of  IT-cut.  plate  due  to  thermal 
stress  is  smaller  than  that  of  AT-cut,  the  static 
frequency  temperature  characteristics  are  dominant 
in  comparison  with  the  dynamic  ones.  Figure  12 
shows  the  frequency  excursions  of  the  IT-cut 
plate. 

The  steep  negative  excursion  with  irradiation 
at  the  wave  front  in  Fig. 12  is  due  to  the  thermal 
shock.  The  positive  slope  following  the  thermal 
shock  is  due  to  the  static  characteristics.  The 
amount  of  the  excursion  due  to  the  thermal  shock 
is  about  1/5  times  that  of  the  AT-cut  plate.  A 
two-dimensional  map  of  the  frequency  behavior  type 
of  IT-cut  plate  induced  by  thermal  stress  is  shown 
in  Fig. 13.  The  shape  of  the  region  I  is  a  circle 
with  a  radius  of  0.5D,  where  D  is  a  diameter  of 
the  specimen.  The  region  III,  which  was  observed 
in  AT-cut  plate,  was  not  able  to  be  found. 

The  SC-cut  specimen  is;  3rd  overtone  8  MHz 
plano-convex  plate,  14.019  mm  in  diameter,  maximum 
thickness  of  0.664  mm,  radius  of  curvature  of  178 
im,  and  Q  of  1.12  x  10c  in  vacuum  with  Cr-Au 
evaporated  electrodes.  The  frequency  excursions 
of  the  specimen  are  shown  in  Fig. 14.  Note  that 
excursion  C  and  D  are  measured  with  black  dot  on 
the  surface.  The  distinct  frequency  behavior  such 
as  in  AT-cut  and  IT-cut  plate  was  not  found. 

4,  Time  constants  of  the  frequency  excursion 

To  measure  the  time  constants  of  the  frequency 
transient,  the  frequency  excursion  of  the  AT-cut 
specimen  was  recorded  on  a  strip  chart  shown  in 
Fig. 15  by  increasing  the  driving  speed  of  the 
chart.  After  a  few  seconds  of  irradiation,  the 
frequency  excursion  settled  down.  The  frequency 
excursion  in  the  region  I  and  II  seems  to  be 
exponential.  Therefore,  both  two  excursions  may 
be  written  as  Eq .(1 ) . 

af  =  'F  f  1  -  exp(-t/r)},  (1 ) 

where  aF  is  the  stationary  frequency  excursion,  t 
is  elapsed  time,  and  t  is  time  constant.  By  trial 
computation,  it  turned  out  that  the  excursion  in 
the  region  I  has  one  time  constant,  while  the 
excursion  in  the  region  II  has  two  constants. 

The  excursion  in  the  region  II  may  be  expressed  by 

Af  =  aF]  {  1  -  exp(-t/T) ) } 

+  aF2  (  1  -  exp(-t/x2) (2) 

The  excursions  expressed  by  Eqs.(l)  and  (2)  are 
shown  in  Fig. 16.  The  excursion  in  the  region  III 
is  assumed  to  be  expressed  by  superposition  of 
Eqs.(l)  and  (2)  as  follows. 

Af  =  aF  {  1  -  exp(-t/ t ) i 
+  aFj  {  1  -  exp(-t/t ) )  ’■ 

+  aFj  {  1  -  exp ( - 1/ r 2 ) )  ,  (3) 
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where  aF2  is  10  to  20  %  of  flFj  and  t2  is  larger 
than  rj.  tj  has  little  influence  on  the 
excursion  and  was  neglected.  A  result  is  shown  in 
Fig. 17.  A  good  agreement  is  obtained  between  the 
calculated  and  the  experimental. 


Discussion 

Noguchi  showed  that  the  thermal  shock  is  caused 
mainly  by  thermal  radiation  onto  the  crystal  plate 
rather  than  the  thermal  conduction  from  the 
supporting  to  the  plate.6  Therefore,  the  overall 
frequency  excursion  of  a  crystal  plate,  that  is, 
thermal  shock  is  considered  due  to  integration  of 
excursions  on  every  point  on  the  principal 
surfaces . 

Warner  showed  that  a  circular  plano-convex 
AT-cut  plate  excited  with  parallel  field  gives 
rise  to  a  positive  frequency  excursion,  when  the 
plate  is  subjected  an  abrupt  increase  in 
temperature.'1  On  the  other  hand,  as  is  well 
known,  the  plate  with  key-hole  electrodes  shows  a 
negative  excursion. 

These  exclusive  phenomena  in  AT-cut  plate  can 
be  explained  from  our  study;  When  the  plate  is 
irradiated  by  the  infrared  rays  with  a  wavelength 
greater  than  3  i,m,  the  evaporated  electrode,  for 
example  Au  or  Ag,  reflects  almost  all  of  the  rays 
and  the  naked  part  of  the  plate  absorbs  almost  the 
rays.  In  Warner's  e<periment,  the  central  part  of 
the  plate  is  a  naked  circle,  which  absorbs  the 
infrared  rays,  whereas  the  peripheral  part  of  the 
plate,  which  is  evaporated,  reflects  the  rays. 
Therefore  when  the  plate  is  irradiated,  a  positive 
frequency  excursion  occurs  as  a  whole.  In  the 
case  of  a  plate  with  key-hole  electrodes,  the 
central  part  of  the  plate  is  not  evaporated. 
Therefore  the  temperature  increase  in  the 
peripheral  part  causes  a  negative  frequency 
excursion. 

These  facts  suggest  that  the  thermal  shock  of 
AT-cut  plate  can  be  compensated  to  a  certain 
extent  by  optimizing  the  configuration  of  the 
exciting  electrodes. 

There  must  be  an  optimum  electrode 
configuration  for  every  cut  and  mode  of  crystal 
plate  from  the  viewpoint  of  thermal  shock.  Some 
proposals  for  electrode  configuration  with  less 
thermal  shock  are  shown  in  Fig. 18.  Annular 
electrode  was  proposed  by  Ianouchevsky  to  improve 
the  frequency  aging.7  Yakuwa  and  others  measured 
the  frequency  transient  of  an  AT-cut  plate  with 
annular  electrodes."  They  could  not  compensate 
the  thermal  shock  ,  since  the  map  of  frequency 
behavior  of  the  plate  was  not  yet  known.  We  will 
recommend  annular  electrodes  from  the  viewpoint  of 
thermal  shock.  A  point  of  the  design  is  to  make 
the  integration  of  frequency  excursions  over  naked 
part  of  the  plate  vanish. 


The  proportionality  relation  between  the  laser 
power  and  the  frequency  excursion  is  available  for 
fast  response  laser  powermeter.  Because  the 
frequency  excursion  is  not  due  to  the  static 
frequency  temperature  characteri sties  but  due  to 
thermal  stress  in  the  plate. 


Conclusion 

The  thermal  frequency  behavior  of  AT-,  IT-,  and 
SC -cut  plano-convex  plates  was  observed  by 
irradiation  of  a  He-Ne  laser  beam  on  the  plates. 
There  exist  on  AT-cut  plate  three  kinds  of  region, 
each  of  which  shows  different  type  of  frequency 
excursion,  when  the  plate  is  irradiated.  The 
frequency  excursion  is  proportional  to  the 
irradiating  beam  power  (  P  <  3.5  mW  )  on  the 
plate.  The  results  suggest  a  possibility  of 
compensation  for  thermal  shock  of  a  crystal  unit 
by  optimizing  the  configuration  and  material  of 
electrodes . 
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Fig.l  Block  diagram  of  the  frequency-transient 
measuring  system. 


Z 


Fig. 4  The  polar  coordinates  indicating  the  point 
on  the  specimen  surface  on  which  the  beam 
is  Irradiated. 


Fig. 2  Gap-type  holder. 
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Fig. 5  The  frequency  excursion  of  a  5-MHz  AT-cut 
plate.  A,  B,  C,  and  D  are  the  irradiating 

points.  The  marks  - - -  show  the 

irradiating  periods. 
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Fig. 6  The  frequency  excursion  of  the  5-MHz  AT-cut 

Fig. 3  Two  kinds  of  the  upper  electrode  having  plate  having  a  black  line  on  the  surface 

different  arrangement  of  irradiating  holes.  for  the  higher  absorption  of  the  beam. 
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Fig. 7  Two-dimensional  map  of  the  frequency 
behavior  type  of  AT-cut  plate. 
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Fig. 8  The  maximum  frequency  excursions  along 
diameters  with  black  line. 


Fig. 9  The  frequency  behavior  of  a  5-MHz  AT-cut 

plate  excited  with  evaporated  Ag  electrode. 


Fig. 10  The  frequency  behavior  of  an  S-MHz  AT-cut 
plate  excited  with  evaporated  Cr-Au 
el  ectrode. 
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Fig. 11  The  frequency  excursion  vs.  irradiating 
power . 
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Fig. 14  The  frequency  excursion  of  an  8-Mhz  SC-cut 
plate. 
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Fig. 13  Two  dimensional  map  of  the  frequency 
behavior  type  of  IT-cut  plate. 
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Fig. IS  The  frequency  transient  behavior  of  an 
AT-cut  plate  at  the  earlier  time  of  the 
irradiation. 
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Fig. 18  Pr~-  sals  for  electrode  configurations 
witf  less  thermal  shock. 
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Jummary 

It  is  tne  intention  of  this  paper  to  ietaon- 
strate  the  temperature  compensation  limits  of  pre¬ 
cision  quartz  crystal  resonators  mounted  m  .he 
traaitionai  HJ-2//J  glass  enclosure.  A  comp i tor- 
control  lei  hysteresis  measurement  station  was  set 
up  to  measure  the  tnermai  hysteresis  (thermal 
retrace)  of  the  resonator,  which  restricts  attain¬ 
able  compensation  accuracy.  The  station  was  used 
to  take  measurements  of  various  crystals  from  ’*> 
Herman  manufacturers.  When  compared  with  the  AT- 
cut  specimens,  the  50-cut  crystals  displayed  no 
real  advantages. 

\  , 

The  frequency  stability  attainable  with 
digitally  temperature-compensated  quartz  crystal 
osciLlators  is  limited  to  around 

4f/f  =  ^  1.10" 

solely  by  the  thermal  hysteresis  of  the  crystal 
resonators,  if  tne  inaccuracy  of  the  temperature 
sensor  used  for  compensation ,  together  with  the 
resolution  error  in  tne  digitalization  are  taken 
into  account,  an  attainable  frequency  stability  of 
4f/f  -  ^  2.10* ' 

can  be  assumed  for  series  production  without  3 
nign  rejection  rate.  Tms  value  is  practically 
independent  of  the  operating  temperature  range. 

In  trod  action 

Digital  temperature  compensation  of  quartz 
crystal  resonators  offers  the  following  signifi¬ 
cant  advantages: 

1.  Extremely  iow  power  consumption  through 
tne  use  of  JM  )5  technology. 

2.  Immediate  opentional  readiness  after 
swi ten -on . 

}.  higher  iccurucy  than  with  analog  temper¬ 
ature  compensation. 

4.  Dimple,  computer-control  I*3  i  adjustment  in 
a  single  temperature  cycle. 

7;  1  *•  frequency  stability  attainable  u  however 
principally  limited  by  tne  Hysteresis  phenomenon 
of  tne  ;ryutii  resonator  to  tv»  compensate  1 .  For 
tms  reason  it  i  •'»  1  n  tnat  the  leu:  :.n**r  of 

f  u’.itHi  ly  comp  'n.iHt-  1  rvst  1 1  :».» '  1  )  ot**»ro  1  s  iw  ir*-* 
tn*1  re:urr*eit  ac’.jracy  of  !  r**  :  1  r;  ■  v  *.e->- 

T  *  t  a  r -  t:  irve  . 


A  computer-controlled  measuring  station  was 
set  up  for  tne  purpose  of  measuring  the  specimens 
both  economically  and  in  a  reproducible  manner, 
once  tne  desired  temperature  limits,  3tep  width 
(static  measurement)  and  number  of  loop3  have  beer, 
entered  manually,  all  measurements  are  made  fully 
automatics lly . 

Test  System 

T.ne  versatile  temperature  test  system  is 
snowr.  in  Fig.  1, 

Tne  measuring  stati  n  is  male  up  primarily  of 
standard,  commercially  available  interface-bus 
compatible  devices  in  accordance  with  the  IEEE 
standard  ^Hewlett-Packard  interface  bus).  For  any 
devices  whicn  are  not  directly  HP-IB  compatible, 
interface  converters  must  be  used,  e.g.  from  tne 
HP-iB  to  tne  V24  serial  interface.  The  controller 
used  is  an  HP  W2 1  desk-top  computer.  Programming 
language  is  HPL  (Hewlett-Packard  language). 

The  temperature  test  chamber  can  be  equipped 
with  several  measurement  fixtures.  Measurements 
are  made  using  computer-controlled  check  switenes. 
Tne  i  sta  logger  can  scan  up  to  20  temperature 
cneck  points.  The  two  VHF  switches  enable  up  to  1 T 
frequency  cneck  points  to  be  switched  to  the  fre¬ 
quency  measuring  system.  Tne  data  logger  has  an 
integrated  timer  which  can  take  over  time  control 
of  the  measuring  station. 

Fig.  2  shows  the  basic  construction  of  the 
measurement  fixture. 

The  measurement  chamber  takes  the  form  of  a 
tmcK-wal led  aluminium  chamber  containing  both  th^ 
oscillator  and  resonator,  the  latter  also  having 
excellent  thermal  contact  with  the  temperature 
precision  resistor.  Measurements  are  taken  usin*t 
an  "original  oscillator",  in  other  wori3,  with  an 
oscillating  circuit  which  13  also  used  later  on  m 
tne  oscillator  to  be  compensated.  To  keep  the  ui- 
IVu.nnce  of  the  circuit  on  the  crystal  frequency  to 
»  mirumua,  tne  pulling  device  ( capac  i  tat  ive  diode' 
u  snort-01 rcuited  while  the  hysteresis  is  being 
mu asu re  1 . 

:  1  ?  isur-.ner.ts  were  carried  out  using  two  dif¬ 
ferent  oscillator  circuits  which  are  depicted  in 
rigs.  -ini  4, 


140 


V:ir»  jjciliilor  stage  with  transistor  T1  in 
•JU'uu-.,'j*U,ctor  connection  is  a  Jol pitts  circuit 
*r.  «ri4jr.  t r. •  •  crystal  Vt<os  the  pi  »ce  of  the  cir- 
*.t  ;n  lu  :  t  ir.ce  .  C  ipaci t ancej  J1  and  CP  can  be 
•\  set.  relatively  large  even  without  using  a  tran- 
.^.c.jr  with  a  part  Leu,  i-iriy  steep  characteristic# 

.  .*•  effe  .  T  :  v*>  ui]  capacitance  of  tne  .quartz 
ry.it  t.  ;j  g;v*n  ir.  tne  first  approximation  by 
■  •r.-  a  ip  i  .  t  in  >*a  Ji  ani  CP. 


and  5).  a  worst-case  error  of  approx.,  ',  x  *  j"  ^  .a 
obtained  at  an  oven  temperature  of  5 /  If  the 
time  between  frequency  and  tempera l  re  measurement 
is  short  (several  seconds) ,  the  mean  measurement 
error  attributable  to  tne  temperature  r:,p“  of 
the  test  chamber  will  be 


(1  . 


,2)  x  to' 


,^ne  region 


Te3t  Technique 


?t.-  connected  m  shunt  with  capae- 

.  *  »r.  ^r-v^nts  tne  harmonic- mode  crystal  from 

.it  i  r*  .  ’  •...  ia/...ate  it  the  fundamental,  because 

.r^.t  n;  r.  s  »nw  the  imuctor  L.1  and  the 
i;i.*iHr.ce  its  Mpacitively  only  for  tne 
ir-  < .  re  l  '.in  ;  . 

s'i..itr  circuit  A  is  a  sel f- 1  uniting 
-.r.-iit,  wr.*retj  circuit  f  has  an  additional  A 00. 
At  stir'.  of  .*s  - :  #  . at  ion  ,  transistor  T5  is 
imt.a.ly  fu..y  turnei  _n,  i.e.  transistor  T 1 
operates  at  its  peak  emit  ..-r-current  and  there- 
fjr**  at  naximum  t  ranscon  l  u  ;  tance .  Jnce  tne  voltage 
at  the  collector  of  transistor  reaches  a  cer- 
t l.u  va*ue,  dioae  j  becomes  conductive  ind  draws 
control  current  from  transistor  To,  causing  the 
t ransconduo tanc-  of  transistor  ?1  to  be  reduced. 
Jircuit  fc  is  ideally  suited  for  setting  different 
cr/Jtn*  currents. 

Accuracy  of  , Measurement  ani  heproducibil lty 

.accuracy  of  the  frequency  measurement  is 
1  x  1 -j~  'J  lor  a  measuring  time  of  one  second. 

Tne  counter  and  tne  synthesizer  used  for  frequency 
generation  are  fed  by  an  atomic  standard  frequency 
g  eho  r.i  tor  • 

Tne  main  problem  is  the  reproducibility  of 
tne  temper iture  measurement.  Absolute  accuracy  is 
uninteresting.  Tne  temperature  measuring  device, 
wmch  works  with  Pt  *  M  platinum  precision  resis¬ 
tors,  offers  resolution  to  J.Jt  Jince  the 
temperature  of  tne  room  in  whicn  the  measuring 
station  is  located  is  maintained  at  the  correct 
level  by  m  air-conditioning  unit,  reproducibility 
of  the  temperature  measurement  in  the  order  of 
within  the  max  imam  measurement  period 
of  one  week  cm  be  assumed. 

With  stan  lard  AT-cut  crystal?,  the  maximum 
slope  og  tne  frequency  temperature  curve  is  about 
1  x  1’J  /  C.  Tni3  gives  a  reproducibility  of 

the  temperature  setup  ^'or  hy3teresi3  measurement 
in  excess  of  _♦  1  x  U 

Measure  merit  Error  Gauged  by  Temperature 
a ipple  ot  tn e  Envir on  dental  Chamber 

The  temperature  of  tne  test  chamber  is  reg¬ 
ulate!  not  by  continuous  but  by  two-position  dis¬ 
continuous  control.  The  hignest  ripple  occurs  at 
i  temper  Hire  setting  of  )°C.  The  maximum 
ripple  is  J.1°J  peak  to  peak  for  a  period 
Juration  of  some  J  minutes.  The  max i num  trsnscon- 
Juctance  is  in  this  case  J.5  x  °G/sec. 

if  tne  value  of  1  x  1  ■)  '  sec/  C  is  set 
for  the  Jynmic  temperature  coefficient  A  (3ee  2 


To  eliminate  measurement  errors  caused  by  the 
dynamic  temperature  coefficient,  measurements  are 
made  statically.  In  this  case  tne  difference  be¬ 
tween  the  check  points  is  about  5°-’ •  Measurement  of 
the  next  point  is  not  effected  until  suf¬ 
ficient  thermal  balance  has  been  restored.  This 
leads  to  pauses  of  15  to  45  minutes  between  each 
measu remen t .  Around  a  week  is  needed  to  measure  5 
temperature  loops  between,  say,  -40  and  ♦90°C. 

It  ia  practically  impossible  to  achieve  ex¬ 
actly  the  same  reference  temperature  for  the  fre¬ 
quency  comparison,  given  the  increases  and  de¬ 
creases  in  temperature.  The  use  of  the  desk-top 
computer,  however,  together  with  the  spline  inter¬ 
polation,  makes  it  relatively  easy  to  switch  over 
to  standardized  temperatures  for  frequency  compar¬ 
ison.  Jpline  interpolation  is  used  whenever  given 
points  for  a  graphic  representation  have  to  be 
interconnected  by  as  smooth  a  curve  as  possible. 

The  term  ’’spline  function"  is  so  called  because, 
in  its  third  degree,  it  describes  the  behavicr  of 
a  flexible  curved  rule  (spline)  of  the  kind  used 
by  draughtsmen  to  draw  smooth  curves.  Each  section 
of  the  curve  between  tne  check  points  is  there¬ 
fore  a  part  of  a  third  degree  polynomial.  Given 
"n"  cneck  points,  four  coefficients  have  to  be 
determined  for  each  of  (n-l)  polynomials.  To  en¬ 
sure  the  curves  flow  smoothly,  the  coefficients 
are  selected  in  such  a  way  that  the  first  and 
second  derivatives  to  the  edges  agree.  The  curve 
is  then  visually  " kin<-free” . 

With  tne  separation  of  the  temperature  cneck 
points  at  •;  J ,  interpolation  accuracy  is  about 
1  x  1(T9. 

Measurement  Kesul  ta 

Measurements  were  taken  of  many  quartz  crys¬ 
tals  from  three  German  manufacturers.  Only  1 J-MiHs 
crystals  working  in  third  overtone  mode  and  with 
enclosure  type  HC-27/’J  were  tested.  The  following 
figures  show  several  cnosen  typical  measurement 
results.  Tnree  temperature  uycie3  were  made  for 
each  type,  each  cycle  consisting  of  an  up  run  and 
i  down  run.  With  nearly  -ail  the  test  specimens  it 
is  striking  that  quite  large  hysteresis  values  are 
obtained  in  the  first  cycle.  Tne  reproducibility 
of  the  second  ani  third  cycles  is  in  general 
excellent.  Jp>  to  tne  first  up  run,  the  difference 
between  the  individual  up  runs  nn^  down  runs  is 
extremely  small,  namely  ♦  1  x  10  .  In  the 

first  up  run  a  "calming  phase"  evidently  sets  in. 

It  is  striking  that  the  quartz  crystals  of 
each  manufacturer  demonstrate  a  somewhat  typical 
hysteresis  curve  which  could  be  described  as  th*» 
manufnc tun»r 's  " tra  iem  irk” .  rhe  logical  conclusion 
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trus  is  trial  it  snculd  tnerefore  be  possible 
to  re lu jo  tne  nysteresu  by  taxing  certain  action. 
It  .itnru  t,  nor  .mould  it  be  the  jar  pose  of  this 
j  iper  to  ostitlisn  guidelines  for  the  manufacture 
o:  low-hysteresis  quartz  crystals.  Only  the 
measurement  results  of  precision  quartz  crystals 
from  Stan  l.ii'J  proiuction  are  presented. 

It  sr.ouli  also  be  noted  that  the  quartz  crystals 
examine i  were  intended  for  use  in  temj erst a re¬ 
st  aoilized  quartz  oscillators  where  the  hysteresis 
De.navior  plays  only  a  subordinate  role. 

Jmje  the  .aysleresis  curves  cannot  provile  U3 
witn  any  information  about  possible  cnangea  m 
frequency  between  individual  temperature  cycles, 
a  furtner  type  of  representation  was  chosen  which 
shows  tne  recurrent  accuracy  of  the  frequency  for 
given  reference  temperatures  after  eacn  run.  here 
trie  turnover  temperatures  ure  especially  suitable, 
since  in  these  cases  the  hysteresis  measurement 
errors  are  extremely  small. 

Results  Wit n  AT- Jut  Crystals  From  Company  "1" 

Fig.  b  shows  tne  typical  frequency  temper¬ 
ature  curve  of  the  quartz  crystals  examined,  a3 
well  as  the  typical  values  of  tne  equivalent  elec¬ 
trical  circuit  diagram  and  details  of  the  mechan¬ 
ical  design. 

With  an  effective  oscillator-circuit  load 
capacity  of  120  pf  the  separation  to  the  series 
resonant ,  frequency  of  the  crystal  is  3till  only 
12  x  10“  ,  i.e.  the  influence  of  the  circuit  on 
the  crystal  frequency  is  compara ti vely  small. 

The  thermal  hysteresis  of  quartz  crystal  1 
(Fig.  6)  is  at  some  hundred-millionths  (10  )  also 

relatively  low.  Kig.  7  illustrates  the  good  repro¬ 
ducibility  between  individual  up  and  down  runs, 
with  tne  first  up  run  already  mentioned  being  the 
exception.  The  recurrent  accuracy  of  the  frequency 
(rig.  B)  can  also  be  considered  a3  good. 

wuartz  crystal  f  trig.  u)  ^exhibits  hyster¬ 
esis  values  of  up  to  ♦  1  x  *  .  The  rec  urrer. 

accuracy  of  the  reference  temperatures,  i.e  lower 
turnover  temperature,  inflection  temperature  and 
upper  turnover  temperature  13  however  excellent 
(Kig.  10). 

Tne  hysteresis  value.'  of  quartz  crystal  3  shown  m 
Kig.  11  are  similar  tc  those  of  crystal  2;  with 
crystal  5,  however,  tne  .hysteresis  is  particularly 
nigh  at  the  turnover  temperatures.  The  recurrent 
accuracy  after  three  temperature  cycles  is  good 
(Kig.  12). 

As  has  already  been  mentioned,  two  different 
oscillator  circuits  were  used  to  do  the  measure¬ 
ments.  Kig.  15  shows  the  results  of  crystal  1  with 
circuits  A  and  b.  The  differences  m  the  results 
can  b°  attributed  to  variations  in  the  crystal 
current  in  tne  temperature  range  measured.  Circuit 
s  iilows  different  temper  iture-stabi  1 1 ze d  crystal 
currents  to  be  adjusted.  The  results  with  crystal 
1  witn  crystal  currents  of  7.2  -  ^  nA  car*  be  seen 
■  r.  K.g.  Id.  It  can  *.)■■  'een,  albeit  not  distinctly, 


t’.at  tne  hysteresis  tends  to  increase  witn  small 
crystal  currents. 

Kig.  1 o  provides  us  with  an  interesting 
result,  besides  showing  tne  good  recurrent  uccu- 
f  -  .y  of  :requericy  of  crystal  1  at  the  reference 
temperature  of  +2'j>  J ,  it  also  reveal 3  that  the 
hysteresis  is  even  greater  for  cycles  between  +'20 
ind  2  thar.  between  *U  and  *40°'J. 

ne.iul  t s  m  in  AT- Tut  Crystals  From  Jompany  ,t2" 

Tne  typical  electrical  and  aechanicsl  char¬ 
acteristics  are  shown  in  Kig.  1b.  Tne  motional 
inductance  is  somewhat  niqr.er  than  it  was  in  the 
crystals  of  company  "1",  with  the  result  tnat  the 
influence  of  tne  circuit  on  the  crystal  frequency 
.a  even  smaller.  In  this  case  silver  electrodes 
were  used  instead  of  gold  electrodes. 

Kig.  17  snows  the  typical  hysteresis  curve  of 
these  crystals.  The  results  obtained  with  other 
samples  from  company  ”2"  were  equally  as  bad.  It 
was  however  surprising  to  note  the  good  compliance 
between  tne  individual  up  runs  (apart  from  the 
first  up  run)  and  the  individual  down  runs.  No 
further  measurements  or  evaluations  were  made  with 
these  crystals  and  they  were  not  given  further 
consideration . 

Results  With  AT-Cut  Crystals  From  Company  M3M 

Tne  electrical  characteristics  are  similar  to 
those  of  crystals  from  company  "2" .  Here,  as  with 
company  "1”,  gold  electrodes  were  also  used  (see 
Kig.  IB) .  The  hysteresis  of  crystal  1  reaches  a 
value  up  to  ^  1  x  10*  and  the  recurrent  accuracy 
of  the  frequency  for  the  turnover  temperatures  and 
the  inflection  temperature  is  also  very  good 
(Figs.  19  and  20).  The  values  of  other  samples 
from  company  ”3"  were  of  the  same  standard. 

Crystal  2  is  mounted  inside  a  nitrogen-filled 
cold-welded  metal  enclosure.  Compared  with  crystal 
1 ,  which  was  mounted  in  a  glass  vacuum  package, 
temperature  cycles  2  and  3  reveal  relatively  good 
nysteresis  values  and  good  reproducibility.  Only 
the  first  cycle  showed  fairly  large  deviations. 

The  recurrent  accuracy  of  the  frequency  is  not 
very  good  (Figs.  21  and  22). 

Crystal  3  is  mounted  inside  a  helium-filled 
cold-welded  metal  enclosure.  It3  behavior  is  simi¬ 
lar  to  that  of  crystal  2  in  the  nitrogen-filled 
enclosure  witn  the  exception  of  cycle  1  which  in 
this  case  nas  particularly  bad  values  (Figs.  23 
and  24 )  . 

nesults  with  SO -Cut  Crystals  From  Company  ** 3" 

Fig.  2h  shows  the  typical  frequency  temper¬ 
ature  curve  of  the  crystals  in  a  TQ-3  cold-welded 
enclosure,  as  well  as  the  typical  values  of  the 
equivalent  electrical  circuit  diagram  and  details 
of  the  mechanical  design.  With  an  effective 
oscillator-circuit  load  capacitance  of  120  pf  tne 
sepantion  to  the  series  resonant  frequency  of  the 
crystal  is  still  only  1  x  10”,  i.e*  the  in¬ 
fluence  of  the  circuit  on  the  crystal  frequency 
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is  very  small. 


Figs.  2b  and  27  ilLustrate  the  hysteresis 
measurement  values  of  two  sample  crystals.  Apart 
from  the  first  temperature  cycle,  hysteresig 
values  of  only  some  hundred-millionths  (10  ) 

were  obtained  above  ♦23°C.  The  recurrent  accu¬ 
racy  of  the  frequency  at  20°C  is  shown  in  Fig. 

51 .  The  values  are  no  better  than  those  of  the  AT- 
cut  crystals. 

We  were  also  able  to  examine  3C-cut  crystals 
from  company  "3"  in  the  HC-27/U  all-glass  en¬ 
closure.  The  typical  characteristics  are  given  in 
Fig.  2d.  The  frequency  temperature  curve  in  the 
upper  temperature  range  (Figs.  29  and  30)  is  not 
as  flat  as  that  of  the  TO-3  samples.  The  results 
of  the  hysteresis  measurements  reveal  no  real  ad¬ 
vantages  over  those  of  the  AT-cut  crystals.  The 
recurrent  accuracy  of  the  frequency  (Fig.  30  is 
also  no  better. 

Conclusion 

The  values  of  the  SC-cut  crystals  measured 
were  not  vastly  superior  to  those  of  the  AT-cut 
specimens.  Compared  with  the  AT-cut  specimens,  the 
SC -cut  crystals  have  a  lower  pulling  sensitivity 
thanks  to  their  relatively  high  motional  induct¬ 
ance  and  the  correspondingly  high  compensation 
requirement  (synthesizer  instead  of  capacitative 
diode)  which,  when  taken  into  account,  would  tend 
to  suggest  that  these  expensive  crystals,  which 
wereRoriginally  designed  for  high  stability 
(10"  ...10”9)  temperature-stabilized  quartz  crystal 
oscillators,  are  not  particularly  suitable  for 
digital  temperature  compensation. 

The  frequency  stability  attainable  with 
digitally  temperature-compensated  quartz  crystal 
oscillators  is  limited  to  around 
Af/f  -  ^  1.10"' 

solely  by  tne  thermal  hysteresis  of  the  crystal 
resonators.  If  the  inaccuracy  of  the  temperature 
3ensor  used  for  compensation  together  with  the 
resolution  error  in  the  digitalization  are  taken 
into  account,  an  attainable  frequency  stability  of 

MU  *  ♦  2 . 1  o"  ' 

can  be  assumed  for  series  production  without  a 
high  rejection  rate.  This  value  is  practically 
iniependent  of  the  operating  temperature 

range . 
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Figure  1.  Versatile  Temperature  Test  System 
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Figure  2  Measurement  Fixture 
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Figure  3.  Oscillator  Circuit  A 


Figure 4  Oscillator  Circuit  B 
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Figure  5  AT  Cut  10  MHz  3rd  OT  Firm  1 
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Figure  6  AT  Cut  Crystal  Firm  1,  No.  1 

Oscillator  Circuit  A.  Crystal  Current  3  mA 
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Figure  7.  AT  Cut  Crystal  Firm  1,  No.  1 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  8.  AT-Cut  Crystal  Firm  1,  No.  1 

Oscillator  Circuit  A,  Crystal  Current  3  mA 


Figure  10. 


AT  Cut  Crystal  Firm  1,  No.  2 
Oscillator  Circuit  A,  Crystal  Current  3  mA 


Figure  9.  AT  Cut  Crystal  Firm  1,  No.  2 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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F  igure  1 1 .  AT -Cut  Crystal  F  irm  1 ,  No.  3 

Oscillator  Circuit  A.  Crystal  Current  3  mA 


Figure  12.  AT-Cut  Crystal  Firm  1,  No.  3 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Crystal  Current  3  mA 
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Figure  14.  AT  Cut  Crystal  Firm  1,  No  1 
Oscillator  Circuit  B 


149 


;*ft  w  Ttf* 

Figure  15.  AT -Cu i  Crystal  Firm  1,  No.  1 

Oscillator  Circuit  B,  Crystal  Current  0.4  mA 
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Figure  16.  AT  Cut  10  MHz  3rd  OT  Firm  2 
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Figure  17.  AT  Cut  Crystal  Firm  2,  No.  1 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  18.  AT  Cut  10  MHz  3rd  OT  Firm  3 
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Figure  19.  AT-Cut  Crystal  Firm  3  No.  1 

Oscillator  Circuit  B,  Crystal  Current  15  mA 
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Figurr  *0.  AT  Cut  Crystal  Firm  3  No.  1 

Oscillator  Circuit  B,  Crystal  Current  1.5  mA 


152 


R- 1  ••'H'  'HLI4.r  H  I  At  fW'viof  riiir  Jl'«  MJRSfN 


•  ?  F» 


TV 


- T - T" 

?v 


-I - f~ - r~ - 1 

60  ac 

rwowTin  iw  \ 


Figure  21.  AT  Cut  Crystal  Firm  3  No.  2 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  22.  AT  Cut  Crystal  Firm  3.  No.  3 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  23.  AT  Cut  Crystal  Firm  3  No.  3 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  24.  AT  Cut  Crystal  Firm  3  No.  3 

Oscillator  Circuit  A,  Crystal  Current  3  mA 
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Figure  25.  SC  Cut  10  MHz  3rd  OT  Firm  3 
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Figure  26.  SC  Cut  Crystal  Firm  3  No.  1 

Oscillator  Circuit  A,  Crystal  Current  2  mA 
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Figure  31.  SC-Cut  Crystal  Firm  3  No.  1  to  4,  20  °C  Ref.  Temp. 
Oscillator  Circuit  A,  Crystal  Current  2  mA 
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„  Summary 

\y' 

The  frequency  and  temperature  dependencies 
of  singly  and  doubly  rotated  crystal  cuts  are  de¬ 
termined  by  the  elastic,  piezoelectric,  and  die¬ 
lectric  constants  of  the  material  and  their  tempe¬ 
rature  coefficients.  We  have  subjected  the  data 
set  from  which  the  currently  derived  accepted  va¬ 
lues  of  these  constants  are  derived  to  a  least 
square  analysis.  We  find  extensive  differences 
between  currently  listed  constants  and  the  least 
square  derived  values.  The  major  differences  occur 
in  the  elastic  constants  cj 3  and  C33.  We  derive  a 
new  set  of  temperature  coefficients  of  elastic  con¬ 
stants  based  on  a  data  set  of  100-120  experimental 
data  points.  These  computations  point  out  the  need 
to  redetermine  these  constants  on  a  geometrically 
consistent  sample  set,  and  on  a  statistically  signi¬ 
ficant  number  of  doubly  rotated  disks  and  resonators. 
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Introduction 


The  critical  performance  characteristics  of  a 
crystal  resonator  device,  frequency,  electromecha¬ 
nical  coupling,  and  temperature  sensitivity,  are 
determined  by  the  elastic,  piezoelectric,  and  die¬ 
lectric  constants  of  the  material  and  their  tempe¬ 
rature  coefficients.  In  this  investigation  we  con¬ 
sider  the  influence  of  the  material  coefficients  on 
the  thickness  vibrations  of  crystal lographleal ly 
doubly  rotated  quartz.  The  simplest  mathematical 
formalism,  a  vibrating  infinite  plate  with  appro¬ 
priate  boundary  conditions,  relates  the  measured 
frequencies,  and  their  temperature  dependencies,  to 
the  material  constants  and  their  temperature  coef¬ 
ficients.  The  set  of  four  coupled  differential 
equations  yields  a  set  of  linear  equations  for 
tiie  displacement  and  results  in  three  eigenvalues 
for  the  phase  velocities.  The  general  formulation 
of  this  approach  is  outlined,  for  example,  in 
Tiersten. * 


ties.  The  derived  material  values  are  mathematical 
formalism  dependent,  and  they  may  differ  from  the 
intrinsic  constants. 

For  highly  symmetric  crystal  orientat ions , 
the  cubic  equation  for  the  frequency  eigenvalues 
can  be  factored,  and  the  number  of  material  con¬ 
stants  involved  in  detertmining  the  vibration  fre¬ 
quencies  are  drastically  reduced.  In  some  cases 
the  resulting  frequency  depends  on  a  single  elastic 
constant.  These  directions,  designated  as  the 
uncoupled  mode  orientations,  are  the  ones  utilized 
most  often  for  the  experimental  determination  of 
the  elastic  constants. 

The  experimental  determination  of  the  elastic 
constants  of  quartz  and  their  temperature  coeffici¬ 
ents  has  occupied  many  investigators  over  long  pe¬ 
riods  of  time.  Cady^  reviews  several  approaches 
and  lists  corresponding  numerical  values.  This 
work  is  a  corrected  reprint  of  the  classic  treatise 
published  on  the  subject  of  piezoele' fcriclty  In 
1946,  and  the  listed  values  are  the  ones  accepted 
in  1946.  Currently,  the  most  widely  accepted  elas¬ 
tic  constant  values  are  the  ones  determined  by 
McSkimin^,  and  i ndependent ly  by  Bechmann,  Ballato, 
and  Lukaszek.'4  (This  reference  is  hereafter  abbre¬ 
viated  as  BBL(1962)].  The  most  widely  accepted  va¬ 
lues  for  the  temperature  coefficients  of  the  elas¬ 
tic  constants  are  again  given  by  3BL(1962).  The 
elastic  constants  are  in  general  agreement  with 
previous  investigations,  but  the  RBI.C1962)  derived 
temperature  coefficients  contain  several  novel 
determlnat ions . 

We  have  applied  a  least  square  analysis  to 
the  BBL(196’)  data  set  and  we  find  major  discrepan¬ 
cies  between  the  listed  values  and  the  least  square 
fit  derived  constants.  This  raises  serious  ques¬ 
tions  with  respect  to  the  validity  of  the  material 
values,  and  their  applicability  to  crystal lographi- 
eallv  doubly  rotated  piezoelec t r i ca 1 ly  excited 
resonators. 

Thickness  Vibrations  of  Quartz 


For  an  arbitrary  doubly  rotated  quartz  cut, 
the  vibration  frequencies  are  determined  by  ten  in¬ 
dependent  fundamental  material  constants:  six  elas¬ 
tic,  two  piezoelectric,  and  two  dielectric.  In 
turn,  the  vibration  frequencies  can  be  used,  In 
conjunction  with  the  mathematical  formalism,  to 
derive  numerical  valies  for  the  material  proper¬ 


Ftgure  l  depicts  the  plate  geometry  and  crys¬ 
tallographic  coordinate  system  used  in  this  inves¬ 
tigation.  xj  and  X3  are  In  the  plane  of  the  plate, 
and  the  phase  velocity  propagates  along  X2 ,  normal 
to  the  plate.  The  position  of  the  plate  is  descri- 
1  *d  by  angles  (  v,  *>) ,  where  and  u  .in?  rotations 
around  the  ?-  and  x-axis,  respectively. 
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Table  l*  Rotated  and  Crystal  Axes  Referred  Material 
_ Constants  for  Quartz 


Tiersten*  has  formulated  the  general  mathema¬ 
tical  equations  for  anisotropic,  piezoelectric.  In¬ 
finite  plate  vibrating  in  the  thickness  node,  with 
a  forcing  alternating  voltage  and  vanishing  mecha¬ 
nical  stresses  at  the  plate  surfaces  X2  ■  -  h. 

Based  on  this  formulation,  we  have  developed  expli¬ 
cit  mathematical  expressions  for  the  frequencies 
of  doubly  rotated  quartz.  These  equations  are 
derived  in  Reference  5  and  are  summarized  in  this 
Sect  ton. 

The  solution  of  the  linear  differential  equa¬ 
tions  yields  a  cubic  algebraic  equation  for  the 
three  eigenvalues  T, 

rJ  +  a2  rz  +  Aj  r  +  a0  -  o  (l) 

The  three  real  eigenvalues  T*,  1  ■  1,2,3,  deslg- 
nate  the  three  modes  of  vibrations.  These  are  re¬ 
lated  to  the  phase  velocity  and  density  p,  by 

r1  »  o(v1)2  (2) 

The  coefficients  of  the  cubic  equation  are  defined 
In  terras  of  the  "stiffened"  elastic  constants 

a,  -  -( r22  +  r44  +  r66)  O) 

Ai  -  (r22  r44  -  r^)  +•  (r22  r66  -  rz26) 

+  (  r44  r66  “  r<:46 )  «> 

a0  »  r22  rz46  +  r44  rz26  +  r66  rz24 

-  r22  r44  r66  ~  2  r24  r26  r46  (5) 

Table  I  lists  for  any  arbitrary  rotation  angles  4> 
and  0,  the  appropriate  "stiffened"  elastic  con¬ 
stants  In  terms  of  the  6  fundamental  elastic  con¬ 
stants  Cpq,  2  piezoelectric  constants  e^p,  and  2 
dielectric  constants  The  angular  range 

extends  over  0  <  $  <  60  and  0  <  0  <  90°. 

The  calculation  of  the  electromechanical  coup¬ 
ling  factor  includes  both  the  eigenvalues  and  the 
eigenvectors.  Other  eigenvector  dependendent  field 
quantities  Include,  stress,  strain*  electric  dis¬ 
placement,  and  power  density.  Explicit  formulas 
for  the  field  quantities  In  terms  of  the  eigenvec¬ 
tors  are  given  by  Slobodnik,  Delmonico,  and  Conway. ^ 
A  particular  set  of  eigenvectors  which  avoids  most 
of  the  computational  difficulties  encountered 
with  degeneracies  Is  given  by 

I  Aj  I 

S<n  «<s V1/2  !a||  (6) 

1  l' 

I  A*  I 

where 

’  (r22-r26-rh  (r44-r46-rl) 

-  (r24-r26)  (r24-r46)  (?) 

a4  “  (r44_r24_1'h  (  r6h'r2h' pl) 


r22  ’  Icll  +  (ell  /  e)sln23  ♦Jcos*1  0  +  c33  sln^S 
+  (cj2/2  +  c44)sin22  6  -  2cj4  sln2  9  cos2  8  cos3  4> 
r44  *  c44  CO822  0  +  (1/2  )C[  4  8ln4  8  cos3  ♦ 

+  0/4)[cn  +  (e 2  [  /  s)s  in23  $  -  2c[3  +  c33lsln220 
r66  ”  ^c66  +  (ef  i  /  £)cos22  »]cos2  6  +  (c44+e24/ e)sln2  0 
+  (c[4  +ej[e[4/c)  sin2  8cos3* 
r24  »  cos  9j  sin  8  [*(cjj+  (e2 j/  c)sln23  *]cos2  9 
+  (cn  +  2c44)cos2  9  +  c33  sln28) 

-  c  ;4  co83  ^  cos3  9  j 

r26  *  -sin3  4>  cos2  9  [  (3c  j4  +  ej  jej4/ e)sin0 


+ 

(e2j  /  e)  coa3  ♦  coa  8] 

r46 

*  sln3 

$  cos  8  (  Osin2  8  -l)c14  +  (ej  j  4/  e) 

sin^  9 

+ 

(1  /2)  (i 

e2j/  e)cos3  <)>  sln2  8] 

where  c  - 

Cjl  +  tj3  tan2  9 

e’22 

- 

tj  |  cos  0  +  £33  sin  0 

e  *  2  2 

- 

3 

ej  j  sin3  4*  cos  0 

e>24 

m 

2 

-ej  j  8ln3  $  sin  8  cog  0 

e’26 

m 

"cob  0  (el3  cos3  ♦  cos8  +  ej4  sln8) 

1 

r— 

< 

'r66- 

<r22-r24-I'1> 

- 

(f26-r46>  (r26~r24> 

(9) 

and 

the  normalization  length  Is 

sl  - 

(a3)2 

+  (A4)2  +  (Aj)2 

(10) 

For  a  particular  eigenvalue  T*,  the  electromecha¬ 
nical  coupling  factor  becomes 

k1  -  (e46A^  +  e$2Aj  +  e;4A^)/(£2,2r1s1)1/2  (11) 


Explicit  expressions  for  the  rotated  plezoelctrlc 
and  dielectric  constants  are  also  listed  In  Table  l. 

In  the  single  mode  excitation  approximation, 
the  short-circuit  resonance  frequency  equation  be¬ 
comes  uncoupled,  and  the  1th  mode  rath  overtone 
elgenf requency ,  after  neglecting  higher  order 
terras,  becomes 

^  -  2*  f*  -  ( 1  / 2 h >  m  v 1  [  1  -  4(k1)2/m2ir2)  (12) 


-  <r46-r24)  (r46-r26)  (8) 
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We  note  that  even  for  single  mode  excitation  and 
linear  approximation,  the  overtone  frequencies  are 
r.nt  harmonic  Integral  multiples  of  the  fundamental, 
but  are  modified  by  the  electromechanical  coupling 
factor. 

For  quartz,  the  maximum  value  of  k  is  approxi¬ 
mately  0.15,  and  the  ( l-4k2/m2 fl2)  term  becomes 
0.992.  Consequently,  for  all  practical  purposes  we 
can  neglect  this  correction  and  Introduce  a  zeroth 
order  approximation  for  the  1th  mode  frequency,  as 

2hf  -  mv/2  >  (m/2)(I7p)1/2  (13) 

where  2hfm  is  the  f  requency*- thick  ness  constant. 

Tills  frequency  relationship,  usually  designated  as 
the  ant iresonance  frequency,  is  the  one  used  to  de¬ 
velop  expressions  for  the  temperature  coefficients. 

Static  Frequency-Temperature  Characteristics 

In  a  series  of  experiements,  Bechmann,  Balla- 
to,  and  Lukas z ek^> ?,8  have  evaluated  the  static 
frequency  as  a  function  of  temperature  characteris¬ 
tics  of  quartz  resonators  in  the  temperature  range 
of  -200  to  +200  °C.  They  have  shown  that  the 
behavior  can  be  modeled  well  by  a  cubic  equation 
in  the  form 

3 

Af/f0  -  (f-f0)/f0  -  1  Tn(f)(T-T0)n  (14) 

n=  1 

where  Tn(f)  is  the  temperature  coefficient  of  fre¬ 
quency,  T  the  variable  temperature,  and  fQ  the  fre¬ 
quency  at  reference  temperature  T0.  In  most  appli¬ 
cations,  the  series  Is  expanded  around  reference 
temperature  T„  •  25  °C. 

The  task  is  to  develop  equations  relating 
the  1st,  2nd,  and  3rd  order  temperature  coefflcents 
of  frequency  to  the  fundamental  material  constants 
and  their  temperature  coefflcents.  The  resulting 
equations  are  lengthy,  but  straightforward.  The 
detailed  derivations,  and  explicit  algebraic  expres¬ 
sions  for  these  quantities,  are  given  In  Reference 
9.  For  Riven  (  9,  3),  coq,  and  Tn(cp„),  one  succes¬ 
sively  calculates  Tn(  T^),  Tn('\0>  ln(  U,  rn(  ^ » 
r„(h),  and  rn(f).  Alternately,  using  ttie  same 
mathematical  formalism  and  a  data  fitting  program, 
one  can  derive  the  temperature  coefficients  of  the 
elastic  constants,  T;1( c p(| ) ,  from  sets  of  Tn(f). 

Uncoupled  Mode  Vibrations 

The  eigenvalue  equition,  Kq .  (1),  can  also  be 
wr i t  ten  as 

f  ih..  -  T>(  r.4  -  r)(  r*h  -  n 

-  i'-7.f,(  fog  -  r>  -  r‘2b<  <V.  -  n 

-  rv4(  !>,„  -  n  -  2  r24  is*  r4*  =  ■>  (n) 

v;ho n  any  two  of  the  throe  of f -d l  agonal  matrix  •»  lo¬ 
ne  nts  IS  ,  P>h,  and  r^,  vanish,  the  equition 

f  ict.irs  into  a  linear  and  quadratic  term  In  1'. 

The  (  y,  u)  ronhi  nit  tons  that  satisfy  Tp(1  a  0, 

.vin  he  evaluated  from  the  expressions  given  in 


Table  I.  Figure  2  is  a  plot  of  these  solutions 
using  the  material  constants  given  in  BBL(l962). 

In  Figure  2,  the  overlapping  curves  at  <f>  =  0  and 
60°  and  at  6  =  90°  are  displaced  for  clarity. 

We  note  that  r*>4  *  0  is  satisfied  by 
(9,  0)  %  that  is  for  any  9  at  t=  90°.  It  is 
also  satisfied  by  a  continuous  function  between 
9  =  0  and  60°,  with  end  points  (0,  40.8)°  and 
(60,  72.4)°,  and  by  a  third  branch  continuous 
between  (30,  0) °  and  (60,  17.7)°. 

*26  =  0  is  satisfied  by  any  6  at  $  *  0  and 
60°,  and  for  any  9  at  0  *  90°,  that  is,  (0,  6)°, 
(60,8)°,  and  (9,90)°.  In  addition,  the  bracketed 
terra  of  yields  a  slowly  varying  function,  sym¬ 

metric  around  (30,0)°  and  increasing  to  6  *  0.8°  at 
9=0  and  60°.  The  deviation  from  (9,0)°  is 
due  to  small  contribution  of  the  piezoelectric 
constants. 


*46  “  0  has  solutions  (0,0)%  (60,0)°,  and 
(  9,90)°.  The  bracketed  term  yields  a  continuous 
function  between  (0,  35.48)°  and  (60,  34. 94)°.  The 
small  variations  in  are  again  due  to  piezoelectric 
effects.  If  we  neglect  piezoelectric  effects  v?e 
obtain  (9,  35.26),  which  is  exactly  the  AT-cut 
angle.  It  is  uncertain  whether  this  is  a  pure 
coincidence,  or  is  a  contributing  factor  in  deter¬ 
mining  the  position  of  the  AT-cut. 

The  overlap,  or  intersection,  of  two  or  three 
solutions  of  rpq  *  0  gives  the  uncoupled  modes  of 
vibration.  From  the  diagram  depicted  In  Figure  2, 
these  directions  are  given  by  (0,0)°,  (60,6)°, 
(9,90)°,  and  (30,0)°.  One  of  the  problems  asso¬ 
ciated  with  the  preferred  directions  is  that  the 
piezoelectrically  "stiffened"  elastic  constant  may 
no  longer  be  "stiffened",  has  no  piezoelectric 
coupling,  and  it  can  not  be  excited  by  piezoelectric 
means.  An  inspection  of  Table  I  shows  that  for 
^22*  *44*  anc*  ^24 »  che  piezoelectric  constant 

is  multiplied  by  a  sin-39  factor,  which  vanishes 
both  at  9  »  0  and  60°.  Thus  at  (0,9)°  and 
(60,0)°  two  of  the  modes  are  piezoelectrically 
inactive,  and  at  (9,90)°  none  of  the  modes  can 
be  excited  by  an  alternating  voltage  applied  to 
the  electrodes. 

McSkimln^  has  evaluated  the  elastic  constants 
from  ultrasonic  excitation.  Me  selected  (),°)% 
(0,90)°,  and  (30,0)°.  At  these  points,  the  three 
modes  of  vibrations  reduce  to  the  values  listed  in 
Table  II.  The  choice  of  (A ,90)°  is  not  unimw. 

Any  (  9,90)°  will  give  a  doubly  degenerate  P*  ^  = 

P2)  =  c,.  and  PT)  =  cl3.  similarly,  (0,0)’ 
and  (60,0)°  yield  identical  values.  rrom  the  angu¬ 
lar  orientation  chosen  by  McBkimin  one  can  eviluite 
e  "  1  [  7  c  |  I  <1m*  *11  clastic  constants  except  c  j  y 
The  determination  of  - j  3  involves  four  other  elas¬ 
tic  constants,  and,  depending  on  accunu 1  at  I  on  or 
cancelation  of  experimental  errors,  mav  ho  the 
least  accurate.  By  the  sane  token,  e  $3  and  >\4  4 


should  he  very  accurate. 
(0 ,4  5) %  at  which  pol nt 


For 


13 


McSH i min  chose 


‘1  1 


Cc, 


(In) 


+  -  <<oex,01[2r  -  (c,,-:.-,'.4'- ;.hl 


,  1  2 
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are  due  to  the  fact  that  the  BBL  calculations  use 
a  "semi-stlffened"  elastic  constant. 


fable  II.  Eigenvalues  for  Highly  Symmetric 

(i),9)  Orientations 
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7[(cn-c44)2  ♦ 
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c44 

1  C33 

(  10,0) 

1  (1/ 

2 >  i(c',4+c66) 

i  2 

cU+ell/ell 

i 

1 

if(c44~c66)2  + 

1/2  J 

^pq  “  (cpq  +  e2pe2q/  e22  ) ' 
rather  than  the  rigorous  definition 

^pq  cpq  +  eJpeJq/e'22 

McSklmln^  et.  al.  have  applied  a  least 
square  minimization  fit  to  the  experimental  data, 
and  the  derived  c  pq  values  in  Table  IV  are  the  re¬ 
sult  of  this  analysis.  They  minimized  the  variance 

=  u/»>  Ivz  -  zcal>?  08) 

i-i  1 


hut  inv  other  angular  orientation  will  result  in 
sinilar  complexity. 

If  one  is  restricted  to  determine  the  raate- 
ri  il  parameters  from  piezoelectric  excitation,  for 
example,  from  frequencies  derived  from  resonators 
>r  disks  in  dielectric  gap  holders,  the  key  equa¬ 
tion  determining  the  angular  cuts  is 

/0)(n,3);  r<3)(60,8)  -  (17) 

u,,t,  +  en/  c>  COS2  3  +  (c44  +  e24/  e)  sin2  9 
-  (c^4  +eUel4/e)  s  in2  9 


where  2  stands  either  for  the  elastic  constants  or 
the  respecticve  temperature  coefficients,  and  the 
summation  is  over  the  number  of  experimental  points 
m.  The  weighing  factor  Gj  can  be  taken  either  as 
G|  *  1  or  as  -  l/Z  .  If  the  experimental 
points  are  equally  reliable  on  an  absolute  basis, 
then  ■  1  Is  the  appropriate  choice.  In  case  the 
experimental  points  are  equally  valid  on  a  percen- 


1/7. 


For 


tage  basis,  then  one  chooses  G^  . 

this  data  set,  the  differences  between  tne  two 
approaches  are  Insignificant,  but  for  consistency 
with  the  least  square  fit  for  the  temperature  coef¬ 
ficients,  where  one  Is  forced  to  choose  -  1,  we 
also  select  *  1  for  the  elastic  constants. 


where  the  plus  sign  applies  to  $  B  0,  and  the  minus 
sign  to  <j>  -  60®.  The  proper  selection  of  9  at  <t>  ■  0 
and  60®  will  yield  C44 ,  c^fc ,  the  piezoe  letric, 

and  the  dielectric  constants.  It  is  especially 
important  to  have  identical  9-angle  cuts  for  both 
;>  -  0  and  60®.  Ibis  allows  simplifications  in  terms 
of  P3)(0,  9)  t  P^'(60,  9).  As  before,  Cj  j  is  deter- 
mined  from  (30,0)®,  but  neither  c\  3  nor  C33  are  ac¬ 
cessible  to  uncoupled  mode  piezoelectric  excitation. 


Experimental  Values  of  Elastic  Constants 


The  most  widely  accepted  e  pq  values  are  the 
ones  derived  by  McSkimin\  and  independently  by  BBL 
(1962)  and  these  are  in  general  agreement  with  pre¬ 
vious  investigations.  McSklmln  applied  ultrasonic 
excitation  to  bulk  crystals  along  the  uncoupled 
directions,  whereas  BRL(1962)  utilized  piezoelec¬ 
tric  excitation  and  doubly  rotated  crystal  disks 
in  a  resonator  configuration.  Both  investigators 
used  the  same  mathematical  description  to  relate 
experimental  wave  velocities  to  cpq.  Table  III, 
under  the  heading  "Observed",  lists  the  experimen¬ 
tal  dat 1  set  of  both  investigations,  and  Table  IV 
lists  the  derived  elastic  coefficients.  The  diffe¬ 
rences  between  the  McSklmln  and  BBL  derived  values 
ire  small,  and  either  set  can  he  used  equally  well 
t>  calculate  appropriate  quantities  of  interest. 


Table  III,  under  the  heading  ”BBL(1962)", 
lisfs  three  sets  of  calculated  values.  The  first 
■‘•luma  is  taken  from  BRL(I962)  and  the  second 
•  ■luma,  listed  under  "This  Work  T",  Is  calculated 
in  this  Investigation,  using  the  RBI. (1962)  derived 
constants.  The  slieht  differences  In  values 


The  variances  for  the  various  calculations 
are  listed  at  the  bottom  of  Table  III.  The  experi¬ 
mental  and  calculated  velocity  values  listed  in 
Table  III  are  rounded  off  to  the  nearest  Integer, 
whereas  the  computations  were  carried  out  to  the 
appropriate  number  of  decimal  places.  Hence,  there 
are  small  differences  between  the  listed  variances, 
and  ones  computed  based  on  listed  velocities.  The 
close  agreement  between  experimental  and  calculated 
velocities  for  the  McSklmln  data,  as  reflected  In 
az  ■  0.5,  Is  not  surprising.  McSklmln  used  10  of 
the  11  test  points  to  derive  6  cpq  values  and 
e  1 1  /  £1 1 »  ant*  one  does  expect  a  close  fit.  It 
is  more  questionable  whether  7  fitting  parameters 
and  10  data  points  constitute  a  statistically 
significant  set,  especially,  If  these  points  are 
chosen  along  the  uncoupled  directions. 

The  variances  of  the  BBL  data  set,  using  the 
BBL(1962)  derived  material  constants,  is  listed  in 
Table  III  as  »  7186.  BBL(  1962)  have  not  perform 
med  a  least  square  analysis  to  their  14  point  data 
set,  and  from  their  publication  It  Is  unclear  how 
the  listed  cpq  values  were  derived.  We  have  sub¬ 
jected  the  BBL  data  set  to  a  least  square  minimiza¬ 
tion  routine,  and  the  resvilts  of  the  best  fit  to 
the  experimental  data,  are  listed  in  Table  Til 
under  "This  Work  II”  and  in  Table  IV  under  "This 
Work”.  We  note  that  the  least  square  fit  analysis 
reduces  the  Intlal  0^  *  7186  to  0^  *  2198,  with 
corresponding  differences  in  cpq .  The  major  Cpq 
changes  occur  In  c j 3  and  C33,  tne  two  constants 
not  accessible  to  uncoupled  mode  piezoelectric 
exci tat i on. 


Table  lit.  Measured  and  Calculated  Velocities  For  Doubly  Rotated  Quartz  Orientations 


Orientation 

Angles 

9 

"1 

t 

1  Mode 

1 

1 

1 

Velocity  Data  (m/sec) 

T~ 

BBL  (1962) 

I McSkimin , Ref . 3 

1  Obs 

1 

1 

T 

l 

1 

Ca  Iculated 
BBL  This 

I 

T 

Vork  1 
II  ! 

Obs. 

1  Calc. 

1 

1 

1 

T 

l 

1 

0 

0 

|a(Y) 

1 

l 

1 

6006 

1  6005 

0 

0 

1  b(Y ) 

1 

1 

1 

4  323 

1  5322 

0 

0 

1  c(Y) 

1  3892 

1 

3914 

3915 

39011 

3918 

1  3917 

u 

35°15* 

lc(AT) 

1  3320 

1 

3  320 

3322 

32461 

1 

0 

45 

!  3 

1 

l 

1 

7121 

1  7021 

0 

45 

lb 

1 

l 

1 

3981 

1  3981 

0 

45 

1  c 

1 

l 

1 

3427 

1  3427 

0 

90 

1  a 

1 

1 

1 

6319 

1  6319 

0 

90 

i  b,c 

1 

1 

1 

4687 

1  4688 

20 

34*20' 

ic(IT) 

|  3386 

1 

3  566 

3551 

34671 

1 

30 

0 

1  a(X) 

1  5690 

l 

5746 

5746 

56431 

5749 

1  5749 

30 

0 

1  b(X) 

1 

1 

1 

5114 

1  5114 

30 

0 

1  c(X) 

1 

1 

1 

3298 

1  3298 

30 

10 

I  a 

1  5780 

l 

3960 

5956 

5830| 

1 

30 

30 

ib 

1  4  096 

! 

4100 

4097 

41041 

1 

45 

34.5 

lc(RT) 

1  4080 

I 

4094 

4080 

41171 

1 

45 

35 

lb 

|  4416 

i 

4540 

4533 

4417| 

1 

47.5 

33 

1  c 

1  4202 

1 

4176 

4162 

42051 

1  1 

50 

32 

ic 

1  4212 

1 

4240 

4223 

4271| 

1  ! 

50 

33 

ic 

1  4316 

1 

4  200 

4183 

42281 

1  1 

50 

38 

lb 

|  4694 

1 

4  776 

4767 

4684| 

1 

55 

47 

Ib 

1  5038 

1 

3030 

5021 

3004| 

l 

60 

49*13' 

Ib(BT) 

1 

1  5080 

1 

1 

1 

5060 

5072 

50891 

1 

1 

1 

Number  of  test  points 

~7 

14 

1 

| 

1 1 

Least  Square 

Fit  Variance  | 

1 

7570 

7186 

2198| 

1 

0.5 

Table  IV.  Elastic  Constants  of  Quartz 


P9 

Elastic  Constants  c__ 
in  units  of  10^  N/m- 

T~ 

1 

1 

McSkimin | 

BBL  (1962)  data 

T 

BBL 

This  Workl 

nn 

86.80  j 

86.74 

83.63 

T 

13 

11.91  1 

11.91 

-  0.88 

14 

-18.04  | 

-17.91 

-18.88 

33 

105.  75  | 

107.2 

77.60 

44 

58.20  1 

57.94 

57.32 

66 

39.88  | 

39.88 

39.58 

The  large  differences  In  C33  Is  disturbing. 
This  constant,  as  Indicated  in  Table  II,  Is  the 
easiest  to  determine  by  non-piezoelectric  means 
from  C  $,  9)  and  It  should  he  the  most  accurate. 

Yet,  it  shows  the  largest  variation  when  computed 
from  an  arbitrary,  erystallographlcally  doubly 
rotated,  oiezoe lect rica 1 ly  excited  resonator  set. 

At  the  same  time,  C44,  computed  by  the  same 
technique  from  ($,90),  does  agree  very  well. 

We  performed  several  computational  efforts 
trying  to  improve  the  BBL(lVf>2)  data  fit.  One 
included  the  assumption  that  one  of  the  14  test 
points  is  inaccurate.  We  systematically  neglected 
one  test  point  at  a  time  and  r*~fitted  the  data. 
There  were  some  improvements,  hut  none  of  then  dra¬ 
matic.  The  best  initial  11  point  data  fit  is  ob¬ 


tained  by  omitting  (30,0)°,  with  the  variance  redu¬ 
ced  to  <sl  -  5363,  and  the  best  final  fit  is  obtai¬ 
ned  bv  neglecting  the  AT-cut  (0,  35. 25)®,  with 
o2  ■  1360.  However,  the  AT-cut  is  exactly  the 
point  that  8BL(1962)  assumes  to  be  in  perfect 
coincidence.  Another  supposition  was  that  BBL(1%2) 
has  mislabeled  one  of  the  modes.  The  mode  assign¬ 
ment  of  each  test  point  was  changed,  one  at  the 
time,  and  the  data  re-fitted.  In  all  cases  the 
initial  0^  *  7186  value  Increased,  confirming  the 
accuracy  of  the  3BL(1962)  mode  assignment. 

There  Is  another  BBL  data  set  designated  as 
8BL(19M),  consisting  of  17  rotations  with  47  test 
points.  Some  test  points  of  the  two  sets  are  iden¬ 
tical,  and  some  are  listed  in  BHI.(19h2)  with 
slightly  different  ‘3-angles.  Also,  all  ( v,  3) 
combinations  of  this  data  set  ar**  given  as  integers, 
without  any  error  bars,  a  highly  unrealistic  situ¬ 
ation.  Nevertheless ,  we  have  performed  \  least 
square  minimization  of  the  47  test  points  and  the 
initial  0^  -5340  can  he  reduced  to  =  290lt  the 
same  order  of  magnitude  as  the  BH!/19#>2)  data  ft£. 
The  Cp^  values  for  this  fit,  in  units  of  IV  \/m“, 
are:  =  86.3,  cj  3  =  6.8,  cj  ;  =  -17.1,  = 

90.3,  c/,4  *  66, A,  and  *  32.2. 

'.Jo  are  confronted  with  two  issues:  (1)  the 
validity  of  the  BBL(1962)  determined  c^„  owing  to 
the  large  variance  associated  with  the  data  set , 
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and  (2)  that  the  number  of  points,  14,  used  to  de¬ 
rive  th 
gat  ton. 


Table  V. 


rive  the  least  square  fit  cpq  set  In  this  invest!- 


Temperature  Coefficients  of  Elastic 
Constants 


Consequently,  despite  the  reduced  variance,  there 

r 

T 

Is  nil  assurance  that  this  Cpq  set  gives  a  more  re- 

i 

^l(cpq)  I 

^2(cpq)  1 

^3^cpq  ) 

1 

allstic  prediction  of  the  frequencies  of  doubly 

i 

1 

rotated  cuts.  The  BBL(1962)  Cpq  values,  confirmed 

i 

10_6/°C  I 

1 0“ 1 2  /  °c 2  I 

10-18/-C 

3  | 

by  independent  measurements  by  McSklmin,  are  in 

i 

1 

general  agreement  with  previous  data  accumulated 

pq  > 

n  ! 

7 

by  many  investigators  over  the  last  50-70  years. 

BBL(  1962) 

! 

-48.5  1 

-  107  | 

-  70 

l 

However,  alL  previous  investigations  utilized 

BBL(  1962) 

L.S.F.  1 

-43.0  ! 

-  109  j 

-  64.8 

1 

uncoupled  mode  orientations,  and,  to  the  best  of 

BBL(  1963) 

L.S.F.  1 

-  35.6  | 

-  117  | 

-100 

l 

our  knowledge,  BBL(1962)  was  the  first  group  trying 

Adams  et. 

al.  1 

-  49.6  | 

-  107  | 

-  74 

1 

to  derive  Cpq  from  widely  rotated  (9,9)  cuts. 

1 

1 

Thus,  despite  all  the  reservations,  one  is  forced, 

pq  > 

13  ! 

T 

at  the  present  time,  to  retain  and  accept  BBL(1962), 

BBL(  1962) 

1 

-550  | 

-1150  | 

-750 

1 

or  McSklmin,  Cpq  values.  In  this  context,  the 

BBL( 1 962) 

L.S.F.  1 

-669  | 

-  971  t 

393 

1 

least  square  fit  derived  cpq »  listed  in  Table  IV, 

BBL( 1 963) 

L.S.F. 1 

-612  | 

-  900  | 

45*  4 

l 

can  be  regarded  as  an  Indication  that  despLte  all 

Adams  et. 

al.  | 

-651  | 

-1021  | 

-240 

l 

previous  work  on  this  subject,  It  Is  essential 

1 

l 

that  new  experimental  investigations  be  conducted 

pq  - 

19  ! 

T 

to  determine  the  intrinsic  elastic  constants  of 

BBL( 1 962) 

1 

101  | 

-  48  | 

-590 

l 

quartz. 

BBL(  1  962) 

L.S.F. 1 

94.8  | 

0.54  | 

-400 

l 

BBL( 1 963) 

L.S.F. 1 

93.2  1 

-  46.6  | 

-612 

l 

Temperature  Coefficients  of  the  Elastic  Constants 

Adams  et. 

al.  1 

1 

89  | 

-  19  | 

-521 

1 

1 

BBL( 1962) 

pq  - 

33  I 

7 

BBL(  1  962) 

1 

-160  | 

-  275  | 

-2  50 

l 

BBL(1962)  derived  the  temperature  coeffici- 

BBL( 1 962) 

L.S.F. 1 

-218  1 

-  147  | 

283 

l 

ents  of  the  elastic  constants,  Tn(cpq),  from  a 

BBL(  1  963) 

L.S.F. 1 

-205  1 

-  100  | 

254 

1 

set  of  23-24  erystallographlcally  doubly  rotated 

Adams  et. 

al.  1 

-192  | 

-  162  | 

67 

i 

resonators.  The  coefficients  were  obtained  by 

1 

l 

fitting  the  frequency-temperature  curves  in  the 

pq  - 

44  | 

7 

-200  to  +200  °C  range  by  the  cubic  Tn(f)(T-T  )n 

BBL( 1 962) 

1 

-177  | 

-  216  | 

-216 

1 

relationship.  The  values  derived  from  this  data 

BBL(  I  962) 

L.S.F. 1 

-179  | 

-  303  | 

-480 

1 

set  is  listed  in  Table  V  as  BBL(1962).  The  mathe- 

BBL0963) 

L.S.F. 1 

-184  | 

-  273  | 

-247 

1 

matlcal  formalism  used  by  BBL  to  relate  Tn<Cpq)  to 

Adams  et. 

al.  | 

-172  1 

-  261  | 

-194 

1 

Tn(f),  with  the  exception  of  a  slight  variation  In 

1 

1 

the  Tn(  p)  term.  Is  the  same  as  used  in  this  In- 

pq  - 

66  I 

7 

vestlgatlon.  The  differences  involve  small  contri- 

BBL( 1 962) 

1 

178  | 

118  | 

21 

i 

buttons  of  cross  terms  In  Tj(  p)  and  T3(  p),  and 

BBL(  1962) 

L.S.F. 1 

176  1 

219  | 

324 

1 

are  discussed  In  Reference  9.  However,  the  metho- 

BBL(1963) 

L.S.F. 1 

180  1 

172  | 

25.4 

1 

dology  used  by  BBL(1962)  to  derive  the  slxTn(cpq) 

Adams  et. 

al.  | 

167  | 

164  | 

29 

1 

from  the  23  experimental  points  is  unclear.  It 

1 

1 

seems,  that  rather  than  using  all  23  points  to  com¬ 
pute  the  six  values,  they  have  utilized  selected 
data  points  to  derive  specific  values  and  have 
neglected  the  statistical  influence  of  the  othe' 
data  points. 


1 


Table  VI.  Least  Square  Fit  Variances  For  Tn(f)  Data 
Sets 


We  have  applied  a  least  square  fit  anlaysis 
to  the  8BL(l9b2)  data  set,  and  the  results  are 
listed  in  Table  '  under  the  heading  “BBL(  1962) 
L.S.F.".  The  corresponding  variances,  Eq .  (18), 
are  listed  in  Table  VI.  We  note  that  the  largest 
variations  in  Tj(cpq)  occur  In  Tj(c|3>,  and 
TiCc^),  and  that  the  variances  are  reduced 
from  8.9  x  1  (V*  1 2  /  2  to  2,4  x  10"^/°C^.  Similar 

order  of  magnl tude  variance  reductions  occur  for 
the  higher  order  temperature  coefficients. 


For  all  temperature  coefficient  calculations 


we  used  the  BBI.(l9b2)  c  pq  values  listed  in  Table  IV. 


The  14  data  points  used  by  BBL  to  derive  Cpq  are 
part  of  the  24  points  utilized  for  th 0  temperature 
'oof f ir 1 ents.  The  frequency  data  for  the  additio¬ 
nal  ID  points  arc  not  listed,  and  they  could  not 
b«»  included  to  re-  determi  nr  Cpq  from  a  consistent 


1 

I 

1  1 

1  [  T  j  (  f  )  ] 

1 [T2(f ) ] 

l[T3(f)]  | 

1 10- 1 2  /c2 
1 

110-18  /c4 

|i(r24/cf’  1 

1  1 

BBL( I 962)  Data  Set 

1 

1  1 

Number  of  test  points 

1  24 

1  23 

1  23  1 

SBL1  1962)  Tn( Cp-  ) 

1  3.9 

1  37 

1  367  1 

BBL(  1  962)  L.S.F.  Tn(cpq 

)l  2.4 

1 

1  1 1 

1  97  1 

1  1 

BBL( 1 963)  Data  Set 

1 

1  r 

Number  of  test  points 

1  113 

1  106 

1  99  i 

BBL(  1 962)  Tn(Cpq  ) 

1  20.7 

1  75 

1  771  1 

BBl(  1963)  L.S.F.  Tn( Cpq 

) !  9.2 

1 

1  33 

1  506  1 
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set  of  data  point*.  For  consistency f  the  BBL(1962) 
t2(cpq)  values  are  baaed  on  BBL(1962)  TjCCpn),  and 
BBL(1962)  Least  Square  Fit  T2(cpq)  Are  based  on 
BBL(1962)  Least  Square  Fit  T^(cpq).  Similar  consi¬ 
derations  apply  to  X3(cpq). 

Our  major  concern  regarding  Tn(cpq )  based  on 
this  data  set  relates  to  the  fact  that  the  computa¬ 
tion  of  the  first,  second,  and  third  order  tempera¬ 
ture  coefficients  involve  a  knowledge  of  the  elas¬ 
tic  constants,  and  that  the  higher  order  coeffi¬ 
cients  also  depend  on  the  values  of  the  lower  order 
coefficients.  Errors  are  accumulative,  and  Cpq 
inaccuracies  are  reflected  in  all  temperature 
coefficients.  Similarly,  Tj(cpq)  errors  invalidate 
T2(c  )  results,  and  these  In  turn  affect  Tn(cpq). 
The  »BL(1962)  derived  temperature  coefficients  are 
claimed  to  be  more  accurate  than  ones  determined 
by  previous  investigators,  and  are  often  in  sharp 
disagreement  with  previous  results.  The  problems 
associated  with  the  BBLU962)  data  set  regarding 
agreement  with  accepted  Cpq  values,  raises  more 
serious  questions  with  respect  the  BBL(1962)  deri¬ 
ved  temperature  coefficients. 

BBL  (1963) 

Subsequent  to  BBL(1962),  Bechmann,  BalLato, 
and  Uikaszek  have  published  a  report**,  hereafter 
abbreviated  as  BBL(1963),  with  extensive  Tn(f)  data. 
They  have  measured  the  frequency-temperature  cha¬ 
racteristics  of  1 00-1 20  doubly  rotated  cuts,  and 
have  tabulated  the  corresponding  Tn(f)  coeffici¬ 
ents.  This  set  consists  of  a  wide  range  of  (  y,  9) 
and  data  on  all  three  vibration  modes.  BBL( 1962) 
data  is  a  subset  of  BBL(19b3).  An  unfortunate 
ommlssion  is  f requency- thickness  constants  for  this 
data  set.  A  knowledge  of  this  data  would  enable 
one  to  calculate  cpq  values  from  a  statistically 
significant  number  of  doubly  rotated  crystal 
resonators. 

In  BBL(1963),  the  authors  use  their  BBL(  1962) 
derived  Ta(cpq)  values  and  calculate  Tn(f)  for  each 
data  point,  however,  they  have  not  used  this  new 
data  set  as  a  check  on  the  original  values,  or  to 
derive  a  new  set  of  Tn(cpq).  We  have  performed 
a  least  square  analysis  fit  to  BRt(19h3),  and  the 
results  of  these  computations,  a  new  set  of  Tn(cpq), 
are  listed  in  Table  V  as  ”BRL(l963)  L.S.F.".  The 
corresponding  variances  are  listed  in  Table  VI. 

We  also  list  the  variances  for  this  data  set  based 
on  the  original  B B L(  1962)  parameters.  Increasing 
the  number  of  experimental  points  from  23-24  to 
100-113  increases  the  variances  by  a  factor  of 
two.  This  Is  expected,  as  the  BBL(I962)  data  Is  a 
subset  of  BBI,(19f>3).  A  judicious  choice  of  20-2  3 
points  from  this  data  may  indeed  give  very  low 
variances,  and  In  the  limit,  a  choice  of  six  points 
would  give  zero  deviation.  The  least  square  fit 
to  the  smaller  data  set  reduced  the  variances  by 
factors  of  3  to  4,  but  for  the  Larger  data  set  the 
errors  wore  reduced  by  factors  of  2  only. 

We  .are  confronted  with  two  data  sets,  and 
three  T0(  -  pq)  sets.  Is  there  a  rational  choice, 
and  from  a  fundamental  point  of  view,  does  It 
really  make  any  difference  which  set  is  selected? 


The  purpose  of  the  data  analysis  Is  to  obtain  in  s 
concise  form,  In  conjunction  with  a  mathematical 
formalism,  the  parameters  required  to  calculate 
and  predict  the  frequency  at  a  function  of  tempera¬ 
ture  characterstlcs  of  a  resonator.  The  Intention 
Is  not  to  provide  a  vehicle  for  a  virtuoso  perfor¬ 
mance  In  curve  fitting  or  least  square  analysis. 

It  does  not  make  too  much  sense  to  select 
”BBL(I962)  Least  Square  Fit"  as  the  working  set. 
BBL(1962)  Is  a  subset  of  BBL(1963)  points,  selec¬ 
ted  by  some  unknown  methodology,  or  simply  by  the 
availability  data  at  that  time  period.  There  is  no 
indication  whatsoever  that  Tn(f)  values  of  the  re¬ 
duced  data  set  are  more  accurate  or  are  better  defi¬ 
ned  In  terras  of  (^0).  Similarly,  the  BBU1962) 
set  was  derived  by  BBL  from  a  minimum  number  of  in¬ 
dividual  experimental  points,  for  example,  Tn(cjj) 
from  (30,0),  Tn(c5^)  from  (0,0),  and  the  statisti¬ 
cal  evidence  of  the  remaining  points  was  ignored. 
Parameters  based  on  such  a  narrow  data  base  may 
not  give  realistic  predictions  for  arbitrary  doubly 
rotated  crystal  cuts. 

The  resonators  tested  for  the  BBL(1963)  re¬ 
port  contained  different  crystal  configurations, 
square,  rectangular,  and  circular,  were  supplied  by 
several  manufacturers  using  different  geometries 
and  fabrication  processes,  and  were  tested  at 
different  overtones  and  operating  procedures.  It 
then  represents  a  broad  realistic  cross-section  of 
a  large  variety  of  resorators,  and  their  numbers 
and  angular  distributions  were  large  enough  to  qua¬ 
lify  them  as  a  statistically  significant  set.  All 
three  BBL  Tn(cpq)  sets  give  similar  results, 
but  among  these  sets  the  preferred  selection  is 
"BRL(1963)  Least  Square  Fit." 

Adams  et,  al.  Data  Set 

Adams,  Enslow,  Kusters,  and  Ward* 1  also  pub¬ 
lished  a  set  of  temperature  coefficients,  and  for 
reference  purposes  these  are  also  listed  in  Table  V, 
It  is  claimed  that  this  set  is  superior  to 
RBL(l962).  However,  in  their  paper  Adams  et.  al. 
do  not  state  the  number  of  points  in  the  data  set, 
the  angular  distribution  ( <p,  9)  of  the  cuts,  or 
the  least  square  fit  variances  of  Tn(f).  In  addi¬ 
tion,  they  have  used  the  BRL(1962)  c  pq  values  to 
calculate  Tn(cpq).  The  only  experimental  compari¬ 
son  shown  is  variation  around  the  AT-cut.  The 
authors*  contention,  that  their  data  set  has 
smaller  variances  with  their  Tn(cpq)  than  with 
RBI. (1962)  is  obvious  and  selfevident.  Indeed, 
the  Adams  et.  al.  Tn(cpq)  mav  be  far  superior 
to  BBL(1963)  Least  Square  Fit  in  predicting  the 
general  behavior  of  doubly  rotated  cuts. 

Loci  of  Tn(f)  *  0. 

Most  (  p,  0)  orientations  of  practical  interest 
for  high  stability  oscillator  applications  lie 
along  the  loci  of  the  zeros  of  the  first  order  tem¬ 
perature  coefficients  of  frequency,  Tj(f)  *  0.  These 
orientations  i no  hide  the  temperature  compensated 
cuts,  for  example,  AT,  IT,  FC,  SC,  RT,  or  BT.  The 
tempo  rat. i  re  sensitivity  of  f requeue v  is  greatly  re¬ 
duced  he  minimizing  the  linear  contributions  of 
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T j ( f  ) .  Similarly,  the  linear  coefficient  cut, 
the  LC-cut,  is  given  by  the  Intersection  of  Tj(f) 

=  13(f)  *  0.  For  the  LC-cut,  the  only  variation 
is  due  to  Tj ( f ) ,  and  this  cut  has  been  extensively 
applied  as  a  thermometer^. 

The  loci  of  Tj ( f )  *  0  for  the  b-  and  c-modes 
of  vibrations  have  been  initially  published  In 
BBL(l96l)  and  they  have  been  reproduced  by  Ballato 
and  his  coworkers  during  the  last  20  years  in  many 
of  their  publications.  Figure  3  shows  the  correc¬ 
ted  version  of  these  curves.  The  correction  app¬ 
lies  In  the  range  of  $■  45-55*.  BBL(1961)  shows 

only  one  cross  over  between  the  b-  and  c-modes, 
whereas  calculations  carried  out  with  smaller 
jangle  Intervals  also  detects  the  Intersection 
between  $  *  49-50®. 

Figure  4  shows  the  loci  of  Tj(f)  “0  based  on 
the  newly  determined  8BL(1963)  L.S.F.  parameters. 
There  is  close  agreement  with  BBL( 1 962)  for  the 
major  b-mode,  and  for  the  major  c-roode  at  $  <  40°. 
The  major  c-mode  shows  a  continuous  0~  35°  for 
0°  <_  $  <  60°,  rather  than  the  drop  in  ^-values 
above  $  *  45°.  The  shape  of  the  major  b-mode 
is  essentially  unchanged,  and  the  b-  and  c-mode 
cross  overs  occur  close  to  the  BBL(1962)  baaed 
calculations.  Tj ( f )  -  0  also  shov9  an  additional 
minor  c-mode  branch  between  $  ■  50-60°.  Figure  5 
shows  the  corresponding  electromechanical  coupling 
factor  along  Ty ( f )  *  0.  Accurate  experimental 
data  in  the  $  >40°  region  would  be  very  helpful 
in  clarify Lng  the  proper  values  for  Cpq  and  Tn(cpq). 

The  LC-cut  can  also  serve  as  a  good  example 
in  comparing  the  BBL  1962)  and  BBL(1963)  L.S.F.  pa¬ 
rameters.  Figure  6  shows  T2(f)  “  T3 ( f )  *  0  as  a 
function  of  ( <J>,  9)  calculated  for  both  sets. 

We  note  that  these  quantities  are  sensitive  func¬ 
tions  of  the  material  constants.  The  intersection 
based  on  BBL(1962)  is  at  (7.97,  12.02)°,  and  for 
BBL(1963)  L.S.F.  at  (13.69,  8.75)°.  Calculations 
carried  out  by  Hammond  et.  al.  place  the  LC-cut  at 
(8.44,  13.0)°.  The  experimentally  determined  value 
is  (11.17,  9.39)°,  and  in  Figure  6  it  is  plotted 
as  the  LC  experimental  point.  The  reasons  for  the 
discrepancy  for  BBL(1962)  based  computations  are 
unclear.  Figure  6  also  shows  the  Adame  et.  al. 
based  calculations  locating  the  LC-cut  at 
(12.64,  9.72)°,  the  closest  agreement  with  the 
experimental  point. 

Discussion 

The  knowledge  of  the  elastic  constants  of 
quartz  and  their  temperature  coefficients  are  Im¬ 
perative  in  describing  the  frequency  and  the  tempe¬ 
rature  response  of  the  resonator  device.  We  find 
serious  discrepancies  In  the  original  analysis  of 
the  8BL(1962)  data  set,  and  this  raises  issues  re¬ 
garding  the  applicability  of  currently  accepted 
o.,q  and  Tn(cpq)  values  to  crystal lographically 
doubly  rotated  cuts.  There  are  several  possibili¬ 
ties  which  may  account  for  this  configurations. 
Strictly  speaking,  the  derived  material  constants 
are  not  necessarily  the  Intrinsic  values  and  their 
appllcabl 1 Ity  to  other  situations  need  to  be  estab¬ 


lished.  Geometrical  factors  may  Influence  results, 
and  sets  of  values  derived  from  one  configuration 
and  experimental  procedures  may  not  automatically 
be  applied  to  other  modes  of  operation.  Adams  et. 
al.  ‘  also  caution  that  their  Tn(cpq)  data  Is 
"exactlv  applicable  to  crystals  having  the  same 
physical  characteristics  as  the  ones  In  this  study; 
i.e.  same  diameter,  thickness,  contour,  etc." 
BBL(l963)  also  list  a  collection  of  factors  which 
influence  the  temperature-frequency  behavior  of 
the  resonator. 

McSkimin  experiments  were  carried  out  on  0.5 
cubic  inch  quartz  samples,  whereas  BBL  obtained  the 
material  from  several  sources,  had  large  thickness 
to  diameter  ratio  variations,  and  Included  piano* 
piano,  beveled  at  the  edges,  and  plano-convex  geo¬ 
metries.  Sample  set  divergencies  extended  to  sup¬ 
port  structure,  electrode  size,  air  gap  holder  and 
resonator  enclosure,  drive  level,  and  operations 
at  different  overtones,  all  of  which  affect  the 
measured  frequencies.  In  addition,  BBL  samples  may 
also  reflect  differences  in  fabrication  processes 
rather  than  intrinsic  properties  of  the  material. 

Another  possibility  relates  to  the  fact  that 
we  are  trying  to  apply  the  theoretical  formulation 
of  an  infinite  plate  to  a  finite  eiectroded  disk. 
This  is  very  simplistic  approach,  It  works  well 
when  symmetries  cancel  a  large  number  of  terms, 
but  it  does  not  describe  the  realities  of  doubly 
rotated  disks. 

Recent  discussions  with  A.  Ballato  tends  to 
support  the  argument  that  for  the  BBL  sample  set 
they  lacked  an  accurate  knowledge  of  (  0).  The 

oriented  plates  and  finished  resonators  were  acqui¬ 
red  from  outside  sources,  and  there  was  no  indepen¬ 
dent  check  on  (  9).  It  is  then  not  Coo  sur¬ 

prising  that  this  mixture  of  geometrical  configura¬ 
tions  and  experimental  procedures  yield  large  vari¬ 
ances,  and  deviation  with  predicted  results  ca 
always  be  attributed  to  these  factors. 

This  investigation  points  out  the  need  for 
the  experimental  redetermination  of  the  elastic 
constants  of  quartz  and  their  temperature  coeffi¬ 
cients  on  a  geometrically  consistent  sample  sets, 
on  a  statistically  significant  number  of  doubly 
rotated  crystals,  bulk  and  disk  conf igurat tons , 
air  gap  and  resonator  enclosures,  and  piezoelectric 
and  other  means  of  excitations.  It  also  calls  for 
detailed  documentat ion  of  sample  and  experimental 
procedures.  A  new  experimental  investigation  will 
also  afford  the  opportunity  to  evaluate  novel  fao- 
tors,  discovered  during  the  last  twenty  years, 
which  influence  resonator  behavior. 
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SINGLY  AND  DOUBLY  ROTATED  CRYSTAL  PLATES 

COORDINATE  SYSTEM 


F  igure  2.  Zero  Values  of  Off  Diagonal  Piezoelectrically 
"Stiffened"  Elastic  Constants 
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luCI  uf  ZERO  VALUES  Of  1ST  ORDER  TEMPERATURE  COEFFICIENTS.  T,tf i  ■  0 
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Figure  3.  Loci  of  Zero  Values  of  First  Order  Temperature 
Coefficients  of  Frequency  Based  on  Material 
Constants  of  Bechmann,  Baliato,  and  Lukaszek. 
Reference  4 
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Figure  4,  Loci  of  T^(f)  «  0,  Based  on  BBLU963)  L.S.F. 
Temperature  Coefficients 


Figure  5.  Electromechanical  Coupling  Factor  Along  T-j (f)  =  0 
for  the  BBL0963)  L.S.F.  Based  Calculations 


ZEROS  OF  2nd  AND  3rd  ORDER  TEMPERATURE 
COEFFICIENTS  OF  FREQUENCY,  T,  (f)iT,  (0  =  0 


Figure  6,  Loci  of  Tjlf)  =  Tj{f)  =  0  in  the  Vicinity  of  the  LC  Cut 
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.  Summary 

The  turnover  temperatures,  Tto,  of  quartz  pla¬ 
tes  vibrating  Ln  the  thickness  node  are  calculated 
for  doubly  rotated  orientations  in  the  temperature 
range  of  -200  to  +200  °C.  In  addition  to  the  stan¬ 
dard  cuts  of  Interest  situated  along  the  loci  of 
zero  values  of  the  first  order  temperature  coeffi¬ 
cients  of  frequency,  we  find  another  family  of 
doubly  rotated  quartz  orientations,  vLhratlng  In 
c-mode  resonance,  with  Tt0  values  70  *C  and  above* 
The  significance  of  these  orientations  are  that  for 
the  same  Tt0  they  are  considerably  less  sensitive 
to  crystallographic  orientation  than  currently  uti¬ 
lized  singly  or  doubly  rotated  cuts.  For  Tt0  -  90 
°C,  the  static  frequency  as  a  function  of  tempera¬ 
ture  coefficients  of  these  orientations  are  between 
the  AT-cut  and  BT-cut s,  and  they  become  less  sensi¬ 
tive  to  temperature  with  Increasing  Tt0. 

Key  Words  (>iartz.  Crystal  Resonafots  , 
Frequency  Standards 

Introduction 

The  most  important  performance  parameter  of  a 
crystal  oscillator  is  the  static  frequency  as  a 
function  of  temperature,  f(T),  characteristic  of 
the  device.  in  the  temperature  range  of  interest 
to  this  investigation,  -200  to  +200  °C,  f(T)  is 
described  by  a  cubic  equation  with  coefficients 
T 1  ( f ,  T2(f),  and  T3 ( f ^ .  The  frequency  coeffi¬ 
cients  Tn(f),  are  determined  by  the  temperature 
coefficients  of  the  elastic,  piezoelectric,  and 
dielectric  constants,  and  hy  the  expansion  coeffi¬ 
cients  of  the  material  used  in  fabricating  the  re¬ 
sonator  element.  Single  crystal  a  -quartz  is  the 
most  commonly  used  iaterlal  for  piezoelectric  reso¬ 
nators,  owing  to  its  superior  mechanical,  physical, 
and  chemical  properltles.  Quartz  belongs  to  the 
trigonal,  crystal  system,  and  material  properties 
1  re  .  r  /s  f  i 1  orient  n  i  n  1  .  ..»  •  CortHln  oririr 

iff  e<is?  ons  l  d.*  ra  h  ly  smaller 

s** -  i  ;  i  .  .  ‘  i  •  •  1  '  •  •  •  ■  r  I  i  r.*ct  ions.  Tvp i ca  1 

•  <  t  •  •  ••  f  1 '.if  w  d  \  T-  ind  BT-ruf  , 

The  normalized  r requencv  offsets  as  a  function 
of  temperature  may  exhibit  a  maximum  and  a  minimum. 
Those  positions  are  designated  as  the  turnover  ten- 
P»T4t'ires,  Tt(J.  For  high  stability  applications, 
the  resonator  device  is  enclosed  in  a  precisely 
controlled  .>v«*n  and  maintained  at  Tto.  Most  mili¬ 


tary  applications  specify  upper  environmental  tem¬ 
peratures  Ln  the  60  to  100  °C  range.  The  crystal 
orientation  Is  selected  to  locate  Tto  several  deg¬ 
rees  above  the  highest  anticipated  environmental 
temperature.  Owing  to  Tt0  sensitivity  to  crystal¬ 
lographic  orientation,  narrow  angular  tolerances. 

In  order  of  minutes  or  seconds  or  arc,  have  to  be 
maintained  throughout  the  resonator  fabrication 
process.  Both  requirements,  precise  oven  control 
and  crystal  orientation,  affect  considerably  oscil¬ 
lator  costs.  The  singly  rotated  AT-  and  BT-cut 
crystals  are  the  most  widely  used  orientations  for 
high  stability  applications.  The  novel  doubly 
rotated  SC-cut  orientaion  has  considerably  smaller 
temperature  coefficient  of  frequency  than  the 
AT-cut. *  However,  this  order  of  magnitude  Improve¬ 
ment  in  performance  is  at  the  expense  of  an  order 
of  magnitude  reduction  in  allowable  crystal  orien¬ 
tation  tolerances. 

Quartz  plates  support  three  modes  of  trans¬ 
verse  vibrations,  usually  designated  as  the  a-,  b-, 
and  c-modes.  The  AT-  and  SC-cuts  are  c-mode  vibra¬ 
tions,  whereas  the  BT-cut  belongs  to  the  b-mode 
hranch.  Technically,  all  three  cuts  are  defined  by 
orientations  which  yield  zero  values  for  the  first 
order  temperature  coefficients  of  frequency,  Tj ( f ) - 
0.  Other  cuts  situated  along  the  Tj(f)  -  0  locus 
include  the  IT-,  FC-,  and  RT-cuts.  This  topic  has 
been  reviewed  extensively  by  Ballato.*-  The  attrac¬ 
tion  of  cuts  along  T|(f)  "  0  is  due  to  the  fart 
that,  compared  to  other  modes  or  orientations,  the 
normalized  frequency  offsets  are  slowly  varying 
functions  of  temperature.  For  these  cuts  only  2nd 
and  3rd  order  coefficients,  12(f)  and  Tq(f),  con¬ 
tribute  to  frequency  offsets. 

Resonator  performance  parameters  of  interest 
include  the  position  of  Tto,  and  the  magnitude  of 
the  frequency  variation  around  Tj.0.  These  pirame- 
ters  are  determined  by  all  throe  temperature  coef¬ 
ficients  of  frequency,  and  not  only  by  Tj(f)  alone, 
A  judicious  selection  of  angular  or iontat ions 
which  properly  balance  T|(f),  Tp(f),  ind  T}(f)f 
may  result,  compared  to  currently  preferred  cuts, 
in  Improved  performance  or  trade-offs,  for  example, 
relaxation  of  cry stal lographi c  angular  tolerances. 
Consequently,  for  the  throe  transverse  vibrations 
of  quartz,  we  have  computed  Tt0  for  all  angular 
orientations.  The  results  of  these  calculations 
are  the  subject  of  this  investigation. 
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Coordinate  System 

Quartz  orientations  of  Interest  to  transverse 
mode  piezoelectric  resonator  applications  are  rota¬ 
tions  around  the  crystallographic  z-axls  and/or 
x-axls.  Figure  1  Illustrates  the  coordinate  sys¬ 
tem  used  to  describe  the  various  crystal  orienta¬ 
tions  and  cuts.  The  Initial  position  of  the  plate 
Is  that  of  a  Y-cut,  thickness  direction  normal  to 
the  y-axls.  The  position  of  the  rotated  plate  Is 
described  by  ($,8),  where  ♦and  8  are  rotations 
around  the  z-  and  x-axls,  respectively. 

Owing  to  crystal  symmetries  applicable  to 
quartz,  all  rotations  can  be  mapped  Into 

0  <  ♦  <  60'  and  0  <  8  <  90' 


choice  for  the  material  constants.  The  exception 
Is  the  crystal  region  between  ♦  ■  50-60',  where  re¬ 
sults  are  highly  sensitive  to  assumed  material  tenr- 
perature  coefficients. 

The  general  shape  of  the  normalized  frequency 
offsets  as  a  function  of  temperature  are  described 
In  many  publications.  Figure  2  shows  the  characte¬ 
ristics  for  9*0,  for  8  -angles  near  the  AT-cut . 
This  figure  is  Included  for  Illustration  purposes 
only.  We  note  that  Eq .  (1)  defines  one  real  root 
at  T  •  T0  -  25  'C.  The  f requency-temperature  cur¬ 
ves  may  have  two  additional  real  roots,  and  a  maxi¬ 
mum  and  a  minimum.  This  will  occur  If  ^(f)]2  > 
4T[(f)T3(f).  maximum  and  minimum  positions, 

designated  as  the  turnover  temperatures,  are  loca¬ 
ted  at 


In  this  nomenclature,  the  approximate  values  of  the 
AT-,  SC-,  and  BT-cuts  are  (0,  35)“,  (22,  34)',  and 
(60,  49)',  respectively.  Another  commonly  used 
mapping  region  Is 

0  <  ♦  <  30'  and  -90  <  8  <  90' 

The  two  descriptions  are  related  by  the  transforma¬ 
tions 


♦  ♦  60  -  ♦  and  8  +  -8 

In  this  nomenclature,  the  BT-cut  becomes  (0,  -49)°, 
and,  for  example,  the  combination  (40°54',  16“34') 
transforms  to  (19°06',  -16°34'). 


Static  Frequency  -  Temperature  Characteristics 


In  a  series  of  experiments,  Bechmann,  Ballato, 
and  Lukaszek^’4  have  evaluated  the  static  frequency 
as  a  function  of  temperature  behavior  of  quartz  re¬ 
sonators  In  the  temperature  range  of  -200  to  +200 
°C.  They  have  shown  that  the  normalized  frequency 
offsets  are  described  well  by  a  cubic  equation  In 
the  form 


Af/f0 


(f-f„)/f. 


-  2  Tn(f )(T-T0)n 
n”  1 


(I) 


T to  -  T0  -  £-T2(f) 

*  [((T2(f))2  -  3Tj(f  )T3(f )  ] 1/2  }/3T3(f)  (2) 

At  these  positions,  as  Illustrated  in  Figure  1,  the 
normalized  frequency  offset  Is  a  slowly  varying 
function  of  temperature,  and,  in  a  controlled  envi¬ 
ronment,  one  is  able  to  obtain  high  stability  opera¬ 
tion.  Tt0  shifts  to  higher  temperatures  with  in¬ 
creasing  0  and  for  any  Tto,  0  is  uniquely  defined. 
Figures  3  and  U  show,  for  Tto  m  90  °C,  the  sensiti¬ 
vities  of  h£f f0  to  small  changes  in  6,  for  the  Al¬ 
and  BT-cuts,  respectively.  BT-cut  sensitivities 
are  approximately  one-half  that  of  the  AT-cut. 

Most  resonators  of  practical  interest  for  high 
stability  operation  are  situated  along  the  loci  of 
the  zeros  of  the  1st  order  temperature  coefficients 
of  frequency,  T| ( f )  -  0.  These  include  the  AT-cut 
(♦*0°),  IT-cut,  FC-cut,  SOcut,  (  4>  ~23°),  RT- 
cut,  and  BT-cut  (  <p  *  60°),  The  specific  parameters 
for  these  cuts  are  reviewed  by  Ballato. *■  A  correc¬ 
ted  curve  of  the  Tj(f)  ■  0  locus  is  given  in  Refe¬ 
rence  5.  The  steepness  of  the  frequency*- tempera¬ 
ture  curve  near  Tto  will  depend  on  both  $  and  9, 
and  on  the  proximity  to  the  inflection  temperature 
T{  ,  given  by  Tt  -  Tn  *  -T2(f )  /3T^(  f ). 

Turnover  Temperatures 


where  Tn(f)  are  the  temperature  coefficients  of 
frequency,  T  the  variable  temperature,  and  f0  the 
frequency  at  reference  temperature  T0.  In  most 
applications,  the  series  is  expanded  around  refe¬ 
rence  tempo  rat  tire  T0  *  2  5  V, 

Tn(f)  are  calculated  t  ruin  the  six  fundamental 
elastic,  two  dielectric,  and  two  piezoelectric  con¬ 
stants,  and  their  temperature  coet f ic lent s .  The 
most  commonly  used  mathematical  formalism  relating 
Tn(f)  to  the  material  coefficients,  an  infinite 
plate  with  the  proper  boundary  conditions,  Is  dis¬ 
cussed  and  reviewed  by  many  investigators,  for 
example,  Ballato.*  Reference  5  discusses  the  vali¬ 
dity  of  currently  accepted  material  constant  values, 
and  lists  four  alternate  sets  of  temperature  coef¬ 
ficients.  For  our  purposes,  the  specific  set  used 
to  calculate  Tto,  and  to  illustrate  f(T)  behavior, 
is  not  critical.  All  sets  give  similar  results, 
hut  specific  values  will  depend  on  the  particular 


figures  5a,  5b,  and  5c  show  the  turnover  tem¬ 
peratures  as  a  function  of  (  $,  0)  in  the  tempera¬ 
ture  range  of  -200  to  +200  °C.  The  horizontal  lines 
through  these  curves  indicate  the  position  of  the 
inflection  temperature.  At  <J>  *  0  only  the  e-mode 
has  turnover  temperatures,  and  Tto  shifts  drasti¬ 
cally  with  9.  The  steep  Tto  slope  for  the  e-mode 
branch  is  maintained  it  all  $  -uncles.  This  branch 
Is  usually  referred  to  as  the  family  of  AT-cut 
crystals.  Figure  b  shows  more  detailed  curves  of 
TCo  along  the  Tj(f)  *  0  locus.  The  inflection  tem¬ 
pera  tore  Increases  with  $,  and  at  $  »  22°,  Tj  -  90 
°C.  For  optimum  f requency-temperature  operations, 
i.e.  very  small  normal! zed  frequency  offsets  as  a 
function  of  temperature,  one  ideally  selects  a 
doubly  rotated  cut  with  Tto  *  Tf •  However,  by  de¬ 
finition,  the  curves  are  steepest,  at  T  and  the 
slightest  deviation  in  angular  orientation  results 
in  drastic  Tto  variations.  This  Is  also  illustra- 
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Lt'ii  it  Fi  »UTV  7.  We  o  ross-plot  the  (9,  9)  posi¬ 
tions  for  specific  TLo  between  60  no. I  100  ®C.  Near 
9  -  0f  the  turnover  t  emperaf  ures  .ire  coraperut  L  vely 
speaking  well  separated,  but  owl ng  to  the  rise  In 
Tl  with  Increasing  9»  they  coalesce  In  the  $  *  l 6 
to  20°  region.  The  flat  9  -value  region  around 
$  ~  2 ri °  indicates  that,  from  an  av  !  ir  sonsltlvitv 
poi  it  ot  .V‘W,  lr  i  •;  dcilrahle  f  .»  *.'.;ft  the  SOcut 
to  higher  9  -vi  I  lies. 

The  curves  li  Figures  6  and  7  are  calculated 
based  on  BBL(l9b3)  L.S.F.  temperature  coefficient 
values.*’  We  obtain  very  similar  shapes  with  Adams 
*» t.  al.  derived  coefficients/*  b\it  there  are  diffe¬ 
rences  Ln  the  absolute  9  -values.  For  example,  for 
Tto  -  BO  °C ,  using  BBL(  1 963)  L.S.F.  coefficients, 

9  decreases  from  35.5°  at  9  *  0°  to  34.15°  at  the 
•9  ~  25°  minimum,  whereas  with  Adams  et.  al.  based 
calculations  8  decreases  from  3  5.2  at  9  »  Oto  8  ■ 
33.0°  at  the  $  —27°  minimum.  The  0  -values  at 
the  9  ~  36°  maximum  are  9  ~  34.9®  for  BBL(  1963) 
L.S.F.  and  0  ~  31.95°  for  Adams  et.  al.  Experimen¬ 
tal  SC-cut  T-0  values  He  between  the  values  pre¬ 
dicted  by  the  two  sets. 

For  9  -values  between  50-60°,  the  b-  and  c- 
modes  interchange,  and  the  type  of  behavior  exhibi¬ 
ted  by  the  c-mode  for  9  <  50®  is  shown  by  the  b-mode 
for  9  >  50°.  However,  the  Inflection  temperature 
Is  around  -IO0  °C,  and  the  b-mode  does  not  have  an 
equivalent  SC-cut  for  25  °C  and  above. 

AK-cut  Crystals 

A  closer  examination  of  Figures  5a,  5b,  and  5c 
indicates  that  for  c-mode  vibrations,  starting  at 
P  ~  30°,  Tto  Is  a  multi-valued  function.  The  same 
Tto  can  be  obtained  f-om  several  9  -angle  orienta¬ 
tions.  For  example,  for  p  -  35°  and  Tto  *  80  °C, 
in  addition  to  usual  9  ~  35°,  we  note  a  plateau  at 
0  *  25  -  27°.  This  branch  is  first  detected  at  $  ■ 
30°  with  the  minimum  Tt0  *  160  °C ,  dips  at  9  *  35 
and  40°  to  a  T^o  minimum  of  ~  80  °C ,  increases  at 
9  -  45°  to  Tto  -  110  °C,  and  disappears  at  9  *  50° 
and  above.  Figure  8  shows  detailed  curves  for  this 
c-mode  branch,  based  on  BBL(1963)  L.S.F.  coeffici¬ 
ents.  Figure  9  shows  the  same  branch  based  on 
Adams  et.  al.  determined  temperature  coefficients. 
The  steep  lines  on  the  right  hand  side  in  Figure  9 
are  the  Tj(f)  -  0  family.  In  Figure  8  we  omit  the 
AT-cut  related  vertical  lines  for  clarity.  We 
arbitrarily  designate  this  new  family  of  cuts  as 
the  AK-cut. 

We  note  that  the  AK-cuts  yield  turnover  tempe¬ 
ratures  In  the  regions  of  interest  to  high  stabi¬ 
lity  oscillator  appl irat Ions.  Instead  of  the  steep 
slopes  clur-v t»*f  5  st  tc  of  the  AT-ruts,  the  AK-cuts 
show  ■  it'isi  !'  iV  less  sensitivity  to  crystal  logra- 
phfc  <>r  i  e-' M '  i  IMS  ,  '“igure  1''  shows  the  l  oc  i  for 
-lu  -  7'.  -  I  V  as  I  f-111.  ri  .,f  (9,9),  for 
BBL(I9nl)  h.S.i  .  based  e.vnpira  oos.  Tlu'  lowest 
f  t  ^  ^  5®(* ,  and  for  ■*  r-'t  9  md  Tti>,  <e  have  a 

choice  of  two  9  -values.  For  Vi  a  ms  et.  1  1 .  based 
i'I'^ii’  if.  Ions,  the  lowest  "tl,  is  •-  55®C,  and  similar 
type  of  etlptlc  carves.  7*11'  higher  the  Tto,  the 
.rider  the  angular  rang**. 


For  the  AK-cut  crystals,  we  have  approximately 
a  o°  wide  9  -angle  and  4°  wide  0  -angle  region 
where  TCo  values  are  between  75  and  80  °C .  This 
angular  range  allows  complete  relaxation  of  tole¬ 
rances  in  fabrication,  with  corresponding  cost  re¬ 
duction.  The  wide  choice  of  (9,0)  for  the  same 
TCo,  dlso  allows  optimization  in  terms  of  b-mode  to 
c-mode  separation,  selection  of  strong  elect  rone.  h-t- 
nlcal  coupling  factors,  and  design  for  slowly 
varying  f(T). 

Figure  11  shows  for  the  AK-cut,  Tt0  -  90°C, 
the  sensitivity  of  Af/f0  to  changes  in  the  8  -angle. 
This  is  to  be  compared  with  the  AT-  and  BT-cut , 
shown  ln  Figures  3  and  4,  respectively.  Instead 
of  minutes  of  arc  deviations  characteristic  of  Al¬ 
and  BT-cuts,  for  the  AK-cut  A8  are  given  in  terms 
of  degrees.  The  curves  indicate  that  AK-cut  Insen¬ 
sitivities  to  angular  orientations  a^e,  approxima¬ 
tely,  a  factor  of  50  greater  than  for  the  AT-cut. 

Figure  12  shows  the  normalized  frequency  off¬ 
sets,  Tt0  -  90,  for  the  AT-,  BT-,  and  AK-cuts.  The 
AK-cut  has  a  positive  curvature,  similar  to  the  BT- 
cut,  and  Its  frequency  coefficient  is  approximately 
twice  that  of  the  AT-cut,  but  is  smaller  than  the 
BT-cut.  The  particular  (9,0)  combination  chosen 
for  this  illustration  is  not  critical;  all  Tt0  * 

90  °C  ( 9, 8)  combinations  have  very  similar  f (T) 
curves.  For  the  AT-  and  BT-cuts,  the  curvatures 
of  f (T)  increase  with  Tt0.  Figure  13  shows  Af/f0 
for  the  three  cuts  at  Tto  -  200  °C.  We  show  two 
representative  AK-cuts,  and  both  have  considerably 
smaller  curvatures  than  comparable  AT-  or  BT-cuts. 
For  high  temperature  applications,  the  AK-cut  is 
preferable,  even  from  a  performance  point  of  view. 

Other  Doubly  Rotated  Cuts 

Figures  5a,  5b,  and  5c  indicate  that  in  addi¬ 
tion  to  the  AK-cut,  there  are  other  (9,  9)  combina¬ 
tions  which  show  plateaus  or  small  slopes  for  par- 
ticular  Tto.  For  example,  the  a-mode,  between  9  = 
35-60°,  exhibits  flat  Tto  between  -120  and  -80  °c , 
and  It  Is  useful,  for  high  stability  low  tempera¬ 
ture  applications. 

For  9  between  50  and  60°,  the  c-mode  also 
exhibits  another  branch,  with  Tto  plateaus  between 
60  and  100  °C.  We  have  not  investigated  this  re¬ 
gion  in  detail.  Results  are  very  sensitive  to 
small  changes  in  assumed  material  constants,  and 
are  also  affected  by  the  closeness  of  the  b-  and 
c-mode  crossover.  This  limitation  Is  also  manifes¬ 
ted  at  9  "50-55°  and  0  «•  20-25°,  where  Tto  under¬ 
goes  wild  gyrations.  For  this  crystal  region,  one 
can  not  have  any  confidence  that  computations  pre¬ 
dict  realistically  Tro  values  or  f(T). 

Experiment a  1  Verification 

Tlie  existence  of  the  AK-cut  family  has  been  ve¬ 
rified  experimental ly .  Several  (  9»  0)  orientations 
were  fabricated  in  10  MHz,  3rd  overtone,  resonator 
conf (gurat Ion. ^  Figure  14  shows  four  experimental 
turnover  temperatures.  For  ease  of  fabrication, 
the  Initial  (9.®)  combinations  were  selected  for 
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their  proximity  to  x-ray  planes.  We  find  chat  at 
(30,  24.44)°,  Tto  -  173  “C;  for  (36.0,  24.44)°, 

Tt0  -  37  °C;  foe  (36.38,  28.45)°,  Tco  -  77  °C;  and 
for  (46.  1  ,  23,58)°,  Tt0  -  112  °C.  Q-values  are  -• 

1.5  x  in6.  In  line  with  10  MHz,  3rd  overtone,  reso¬ 
nators.  f (T )  values  also  agree  well  with  computa¬ 
tions.  Considering  the  uncertainties  In  the  mate¬ 
rial  constants,  and  the  simplified  mathematical  for¬ 
malism  of  these  computations,  the  general  agreement 
with  predicted  results  are  Indeed  very  surprising. 
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FREQUENCY  -  TEMPERATURE  CHARACTERISTICS  OF  AT-CUT  I  ®  ■  01  RES0WA10RS 


Figure  2.  Normalized  Frequency  Offset  as  a  Function  of  Tempciatuie 
for  AT-Cut  plate  (0,  -'351°. 
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Figure  3.  Sensitivity  of  Normalized  Frequency  Offset  to  Small  Angular 
Variations  for  an  AT  Cut  Plate,  <0.  ~35)°,  Oriented  for  90*C 
Turnover  Temperature. 
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igure  4  Sensitivity  of  Normalized  Frequency  Offset  to  Small  Angular 
Variations  for  a  BT  Cut  Plate.  (60.  -^49)’.  Oriented  for  90'C 
Turnover  Temperature 
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TURN-OVER  TT.1PFRA1URES  AS  A  FUNCTION  OF  <  © .  © 


Figure  7.  Constant  Turnover  Temperatures,  TtQ  =  60  •  100  C,  as  a 
Function  of  ($  ,  0)  for  AT  Cut  Family 


Figure  8.  Turnover  Temperatures  for  AK  Cut  Crystals.  ♦  =  30  ■  44 
Calculations  Bas-?d  on  8BL(1963)  L.S.F.  Coefficients 


CALCULATED  C -MOOE  T(0  FOR  DOUBLY -ROTATED  CRYSTAL  CUTS 
»■  34°  32°  30°  28°  44°  42°40°  38°  36° 


ROTATION  ANGLE  THETA  -  elDEGI 

Figure  9.  Turnover  Temperatures  for  AK-Cut  Crystal,  0  -  28-44°.  Calcula¬ 
tions  Based  on  Adams  et  al.  coefficients.  Ref.  6.  Curves  for 
9  >  32°  are  part  of  the  AT  Cut  Family. 

CALCULATED  TURNOVER  TEMPERATURES  FOR  AK *  CUT  CRVSTAlS 


Figure  10.  Constant  Turnover  Temperatures.  TtQ  ■  75-1 20*C,  for  AK-Cut 
Plates,  B8 L1 1963)  L.S.F.  coefficients. 
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FREQUENCY -TEMPERATURE -ANCLE  CHARACTERISTICS 


Figure  11.  Sensitivity  of  Normalized  Frequency  Offsets  to  Angular  Varia¬ 
tions  for  AK-Cut  Plate,  Oriented  for  T^Q  ■  90*C. 
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Figure  12.  Comparison  of  Normalized  Frequency  Offsets  as  a  Function  of 
Temperature  for  AT-.  BT-.  and  AK-Cut  Plates  Oriented  for 


Figure  14.  Companion  of  Calculated  and  Experimental  Data  Measured  on 
10  MHz,  3rd  Overt jne  AK-Cut  Crystal  Resonators.  TtQ  Values 
are  Indicated  Next  to  the  Experimental  Points,  Plotted  as  Dots. 
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Abstract  / 

\i 

The  frequency  -  temperature  vs.  angle-of-cut 
characteristics  have  been  determined  for  SC-cut 
TCXO  resonators.  The  6-values  were  such  that  the 
lower  turnover  temperatures  ranged  from  +100°C  to 
-70°C.  From  the  frequency  vs.  temperature  (f  vs 
T)  characteristics  of  these  resonators,  the  opti¬ 
mum  angles  of  cut,  minimum  frequency  deviations 
and  maximum  f  vs.  T  slopes  have  been  determined 
for  various  temperature  ranqes  (i.e.,  -40°C  to 
+  75°C,  -54°C  to  +85°C  and  0°C  to  *60°C).  It  has 
been  found  that  the  angle-of-cut  tolerances  are 
easy  to  achieve  with  conventional  cutting  equip¬ 
ment. 

The  initial  hysteresis  results  indicate  that 
SC-cut  resonators  may  permit  a  significant  im¬ 
provement  in  the  stabilities  achievable  with 
TCXO ' s. 

A\ 

key  Words:  Quartz,  quartz  crystal,  quartz 
resonator,  AT-cut,  SC-cut,  quartz  oscillator, 
crystal  oscillator,  hysteresis,  thermal  hystere¬ 
sis,  frequency  vs.  temperature,  activity  dip, 
thermal  shock. 

Introduction 

In  the  introduction  to  a  Frequency  Control 
Symposium  paper  in  1973,  the  authors  state'  that 
temperature  compensated  crystal  oscillators 
( TCXO 1 s )  with  "...stabilities  of  +  5  pp  10'  from 
-40°C  to  +7S°C  have  been  a  commercial  realization 
for  about  a  decade."  A  recent  survey  of  TCXO 
manufacturers  has  indicated  that,  over  the  same 
temperature  range,  the  state-of-the-art  in  com¬ 
mercially  available  TCXO's  is  still  t  S  pp  10, 
i.e.,  the  state-of-the-art  of  TCXO's  has  been  on  a 
plateau  for  the  past  20  years. 

The  main  reasons  for  this  lack  of  progress 
are  thermal  hysteresis  in  the  normally  used  AT-cut 
crystal  units,  and  the  small  circuit  component 
tolerances  that  are  required  in  order  to  compen¬ 
sate  to  better  than  tb  pp  10. 

The  motivations  for  the  studies  reported  in 
this  paper  are:  1.  there  is  a  need  for  better 
than  tb  pp  10'  TCXO's  and  clocks,  2.  SC-cut  reso¬ 
nators  operated  in  dual  inode  oscillators  have  been 
shown2  to  have  the  potential  for  tl  pp  10°  compen¬ 
sation,  3.  lower  hysteresis  may  possibly  be 
achievable  with  SC-cut  resonators  because  some 


stress  relief  effects  that  can  lead  to  hysteresis 
are  absent  In  such  resonators,  4.  rapid  calibra- 
.ion  runs  are  possible2  due  to  the  thermal  tran¬ 
sient  compensated  nature  of  SC-cut  resonators,  5. 
SC-cut  resonators  exhibit  a  very  low  incidence  of 
activity  dips  In  the  c-mode,  6.  as  is  shown 
below,  t>  .  angle  of  cut  tolerances  are  relatively 
easy  to  achieve  In  SC-cut  TCXO  resonators,  and  7. 
the  availability  of  low  cost,  low  power  micro¬ 
computers  promises  the  realization  of  high  sta- 
bi'ity  SC-cut  TCXO's  and  clocks  at  a  reasonable 
cost. 

Frequency  vs.  Temperature  vs.  Angle-of-Cut 
Characteristics 

In  order  to  define  the  optimum  angles  of  cut 
for  SC-cut  TCXO  resonators,  groups  of  5  MHz  fun¬ 
damental  mode  and  S  MHz  3rd  overtone  SC-cut  reson¬ 
ators,  with  widely  varying  e-angles,  were 
fabricated  and  evaluated.  All  of  the  resonators 
were  plano-convex.  The  fundamental  mode  blanks 
were  made  with  a  1.5  diopter  contour,  and  the  3rd 
overtone  blanks  with  a  4.0  diopter  contour.  The 
blank  diameters  werc  14  mm. 

The  blanks  used  in  these  experiments  were  cut 
to  the  nominal  angles  specified  by  the  authors  and 
were  X-ray  sorted  Into  one  minute  6 -angle  group¬ 
ings  by  the  vendor.  The  c-angles  were  held  con¬ 
stant  at  2 1° 56 '  and  ‘  o,  the  angle  from  the 
reference  n-angle,  was  varied  in  20  minute  incre¬ 
ments  up  to  120  minutes.  (The  reference  -angles 
are  the  6-angles  for  which  the  slope  of  the  fre¬ 
quency  vs.  temperature  curves  are  zero  at  the 
inflection  temperature;  e.g.,  this  angle  is  33° 3 9 ' 
for  5  MHz  fundamental  mode  resonators  .and  is 
34°0l'  for  5  MHz  3rd  overtone  resonators.**',  The 
angles  of  cut  given  below  are  believed  to  be 
accurate  to  better  than  +10’  in  -  and  +2'  in 
While  such  loose  tolerances  would  be  unacceptable 
for  oven  controlled  SC-cut  oscillator  applica¬ 
tions,  as  will  be  shown  below,  such  tolerance 
should  be  adequate  for  most  SC-cut  TCXO  applica¬ 
tions. 

The  frequency  vs.  temperature  characteristic 
of  a  typical  SC-cut  TCXO  resonator  is  shown  in 
Figure  1.  It,  a  typical  temperature  range  of 
interest,  such  as  -40°  to  *-75 UC,  the  character s - 
tic  is  as  shown  in  Figure  2. 

fo  optimize  resonators  for  conventional  TCXO 
app 1 i cat i ons ,  a  primary  goal  is  often  to  minimize 
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Figure  1  -  Frequency  vs.  Temperature 

Characteristic  of  SC-Cut  TCXO  Resonator  Over  A 
Wide  Temperature  Range 


Figure  2  -  Frequency  vs.  Temperature 
Characteristic  of  SC-Cut  TCXO  Resonator 

the  frequency  excursion  over  the  temperature 
range.  A  significant  future  application  of  SC-cut 
TCXO  resonators  is  likely  to  be  in  microcomputer 
compensated  clock  oscillators  wherein  the  fre¬ 
quency  vs.  temperature  characteristic  of  the 
resonator  is  stored  in  a  memory  and,  based  on  the 
resonator's  temperature,  the  clock  Is  advanced  or 
retarded,  as  required,  to  keep  accurate  time.  In 
such  an  application,  where  the  frequency  is  not 
"pulled",  a  primary  goal  is  to  minimize  the  clock 
errors  due  to  thermometry  errors,  i.e.,  to  mini¬ 
mize  the  maximum  frequency  vs.  temperature  slope 
over  the  temperature  range. 

The  frequency  vs.  temperature  data  for  over 
200  resonators  ranging  from  1  B  •  O'  to  A  9  «  120' 
were  analyzed  to  determine:  1.  the  minimum  fre¬ 
quency  excursions  over  various  temperature  ranges, 
2.  the  minimum  frequency  vs.  temperature  slopes  at 
the  temperature  range  extremes,  3.  the  lower 
turnover  temperature  vs.  A6  characteristics,  and 
4.  the  "angle  sensitivities"  of  the  frequency 
excursions  and  of  the  frequency  vs.  temperature 
slopes. 
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Table  1  -  Optimized  TCXO  Resonator  Properties 

Table  I  shows  a  summary  of  the  optimized 
properties  of  SC-cut  TCXO  resonators  for  three 
temperature  ranges:  1.  -40°C  to  +75°C,  2.  -54°c 

to  +85°C  and  3.  0°C  to  60°C.  For  each  temperature 
range,  the  first  lines  show  the  minimized  slopes 
at  the  temperature  range  limits  and  the  corre¬ 
sponding  lower  turnover  temperatures.  The  second 
lines  show  the  minimized  frequency  excursions 
between  the  turnover  temperature  and  the  tempera¬ 
ture  range  limits  (i.e.,  the  differences  between 
the  minimum  and  maximum  frequencies),  and  both  the 
corresponding  lower  turnover  temperature  and  the 
frequency  excursion  for  an  AT-cut  resonator  that 
is  optimized  for  the  same  temperature  range.  The 
approximate  A  0's  for  the  optimum  resonators  are 
also  shown. 
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Figure  3  -  Lower  Turnover  Temperature  vs.  a  e 

Figure  3  shows  the  relationship  between  the 
lower  turnover  temperature  and  A  e  for  A  A  up  to 
120'.  A  section  of  this  curve  for  the  -10°C  to 
+20°C  turnover  temperature  range  that  is  of  in¬ 
terest  for  many  TCXO  applications  is  shown  magni¬ 
fied  in  Figure  4.  Since  the  slope  of  this  curve 
is  about  1.4°C  per  minute  change  in  e,  it  is  clear 
that  SC-cut  TCXO  resonators  are  relatively  insen¬ 
sitive  to  cutting  errors. 

Further  evidence  for  the  relative  insensi¬ 
tivity  to  cutting  errors  is  presented  in  Figure  S 
in  which  the  sensitivities  of  the  maximum  fre¬ 
quency  excursion  (left  scale)  and  of  the  maximum 
slope  of  the  frequency  vs.  temperature  curve 
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(right  scale)  Is  shown  as  a  function  of  4  6  (top 
scale)  and  as  a  function  of  the  lower  turnover 
temperature  (bottom  scale)  for  the  -40°C  to  +75°C 
temperature  range.  From  these  curves  one  can  see 
that,  for  example,  if  one  makes  a  three  minute 
cutting  error  In  e  ,  the  maximum  slope  increases 
from  1.9  ppm  per  °C  to  2.1  ppm  per  °C  and  the 
frequency  excursion  increases  from  56  ppm  to  about 
66  ppm;  I.e.,  both  quantities  Increase  by  less 
than  20%.  Since  cutting  to  ±3'  In  9  (and  tl0‘ 
In  $)  is  within  the  state-of-the-art,  for  many 
potential  applications,  SC-cut  TCXO  resonator 
blanks  should  be  as  easy  or  easier  to  cut  to  the 
proper  angles  as  AT-cut  blanks  that  are  made  to 
comparable  frequency  vs.  temperature  character¬ 
istic  tolerances. 

4.1,.  TKTA  <■,-) 


Figure  5  -  Sensitivities  to  Cutting  Errors 
Thermal  Transient  Characteristic 


The  warmup  characteristics  of  four-point- 
mounted  ceramic  flatpack  enclosed  SC-cut  resona¬ 
tors  with  turnover  temperatures  near  100°C  have 
been  reported  previously.  The  measurements  had 
been  made  by  monitoring  the  resonator  frequency 
while  Immersing  the  resonator  In  Ice  water,  and 


after  thermal  equilibrium  had  been  reached,  rap¬ 
idly  transferlng  the  resonator  Into  boiling  water. 


Figure  6  -  Thermal  Shock  Response  of  SC-Cut  TCXO 
Resonator 


This  experiment  was  repeated  with  a  group  of 
ten  SC-cut  TCXO  resonators  with  turnover  tempera¬ 
tures  near  0°C.  The  resonators  were  immersed  Into 
boiling  water  first,  then  Into  Ice  water.  The 
result  for  a  typical  test  Is  shown  in  Figure  6. 
As  expected,  the  thermal  transient  compensation 
was  not  affected  by  the  fact  that  the  9  -angles 
were  approximately  40'  higher  for  these  resonators 
than  for  the  resonators  that  had  the  turnover 
temperatures  near  100°C.  For  all  ten  TCXO  resona¬ 
tors,  the  frequency  overshoot  during  the  thermal 
shock  was  less  than  1  ppm.  The  average  overshoot 
was  less  than  5  x  10  ,  and  the  average  thermal 
time  constant  was  10  seconds. 

Activity  Dip  Incidence 

Nearly  all  designs  of  SC-cut  resonators  that 
have  been  Investigated  have  exhibited  an  extremely 
low  Incidence  of  activity  dips  In  the  c-mode. 
However,  the  initial  frequency  vs.  temperature 
results  for  the  b-modes  of  the  same  overtones  as 
the  c-modes  have  indicated  a  high  Incidence  of 
activity  dips.  When  the  b-modes'  frequency  vs. 
temperature  characteristics  were  measured  at  the 
same  1.5  ma  drive  current  as  was  used  to  measure 
the  c-modes,  each  of  ten  resonators  measured  ex¬ 
hibited  more  than  one  large  activity  dip.  When 
some  of  the  measurements  were  repeated  with  drive 
currents  as  low  as  0.1  ma,  the  activity  dips 
diminished  but  did  not  disappear.  The  b-mode's 
frequency  vs.  temperature  characteristics  need  to 
be  studied  further. 

Thermal  Hysteresis 

A  major  limitation  on  the  frequency  accura¬ 
cies  achievable  with  TCXO's  is  the  non-repeat¬ 
ability  of  the  resonator's  frequency  vs.  tempera¬ 
ture  charactersitlc,  i.e.,  thermal  hysteresis. 
Figure  7  shows  an  example  of  a  resonator  that 
exhibits  a  relatively  poor  1  ppm  thermal  hystere¬ 
sis  at  the  lower  turnover  temperature. 
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Figure  7  -  Hysteresis  Example 

The  mechanisms  that  can  produce  thermal  hys¬ 
teresis  include  stress  relief  in  the  electrodes, 
and  contamination  transfer  within  the  resonator 
enclosure.  Since  the  ceramic  flatpack  enclosed 
resonators  used  in  these  experiments  were  fabri¬ 
cated  under  ultraclean  conditions  and  were  baked 
at  high  temperatures  in  ultrahigh  vacuum 
immediately  before  sealing,  and  since  SC-cut  re¬ 
sonators  are  known  to  be  compensated  for  electrode 
stress  relief  effects6,  it  was  hoped  that  these 
resonators  would  exhibit  superior  thermal  hystere¬ 
sis  characteristics. 

Hysteresis  Measurement  Method 

The  initial  hysteresis  measurements  were  made 
by  placing  the  resonators  into  semi -isolated 
Col pitts  oscillator  circuits  and  measuring  the 
hysteresis  of  the  resonator-oscillator  combina¬ 
tions.  The  oscillator  circuit  components  were 
carefully  selected  to  minimize  the  circuits'  con¬ 
tribution  to  hysteresis.  A  schematic  of  the  semi- 
isolated  Colpitts  oscillator  is  shown  in  Figure 
8.  (Such  oscillat<ys  are  discussed  thoroughly  in 
a  forthcoming  book.') 

The  measurement  system  consisted  of  an  HP9825 
controller,  a  Sigma  Systems  Model  170CC  tempera¬ 
ture  chamber,  a  Frequency  Electronics  Inc  rf 
switching  system,  an  HP5335A  counter,  an  HP436A 
power  meter  and  an  HP2804A  quartz  thermometer. 
All  of  the  components  were  IEEE  488  bus  compat¬ 
ible. 

The  initial  measurements  were  made  by  cooling 
the  oscillators  from  room  temperature  to  -45°C 
then  heating  up  to  +75°C,  then  cooling  to  -45°C 
then  heating  to  +75°C  then  cooling  to  -45°C,  then 
heating  to  room  temperature.  No  data  was  col¬ 
lected  during  the  Initial  cooldown  and  the  final 
warmup.  Thus  during  each  run,  data  was  collected 
during  two  complete  cycles  from  -45°  to  +75°C  and 
back.  In  order  to  eliminate  thermometry-caused 
apparent  hysteresis,  for  purposes  of  these  mea¬ 
surements,  “hysteresis"  during  a  run  was  defined 
as  the  maximum  fractional  frequency  difference 
between  any  two  of  the  four  lower  turnover  fre¬ 
quencies  measured.  This  definition  is  necessary 


Figure  8  -  Semi  -  Isolated  Colpitts  Oscillator 

because,  for  example,  in  the  region  where  the 
frequency  vs.  temperature  curve's  slope  is  1  ppm 
per  °C,  a  thermometry  error  of  10  mdeg  produces  an 
error  of  1  x  10  ,  which  is  comparable  to  the 
hysteresis  measured  for  the  better  units.  In 
order  to  uncover  any  systematic  variations  of 
hysteresis  with  temperature,  measurements  on 
groups  of  "Identically"  fabricated  resonators, 
with  turnovers  ranging  from  +75°C  to  -40°C,  are  in 
progress. 

The  temperature  was  varied  in  one  degree 
Increments  in  the  vicinity  of  the  lower  turnover 
temperatures  and  in  10°C  Increments  away  from  the 
lower  turnover  temperatures.  During  each  step 
change  in  temperature,  the  oven  reached  thermal 
equilibrium,  to  within  20  mdeg  of  the  equilibrium 
temperature,  within  ten  minutes.  Measurements 
were  made  15  minutes  after  the  step  change  was 
initiated.  At  each  temperature,  ten  readings  of 
both  the  frequency  and  the  temperature  were 
taken.  The  data  was  least  squares  fit  to  a  cubic 
expression. 

Frequency  measurements  were  made  with  a  re¬ 
solution  of  2  x  1CT’;  temperature  measurements 
were  made  with  a  resolution  of  1  mdeg.  The  stan¬ 
dard  deviations  in  the  temperature  measurements 
ranged  from  about  20  mdeg  at  -45°C  to  less  than  1 
mdeg  at  the  points  above  room  temperature.  The 
standard  deviations  in  thee  frequency  measurements 
ranged  from  about  1  x  10"'  at  -45°C  to  less  than 
1  x  10'8  at  the  points  above  room  temperature. 
Since  the  lower  turnover  frequencies  were  deter¬ 
mined  by  least  squares  fits  to  the  data  points  in 
the  vicinity  of  the  turnover,  and  since  the  slope 
of  the  f  vs.  T  is  zero  at  the  turnover,  the  un¬ 
certainty  in  the  measurement  of  lower  turnover 
frequencies  is  less  than  1  x  10  .  A  run  took 

about  36  hours  to  complete. 
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Initial  ifrsteresis  Results 

Each  resonator  was  measured  In  a  minimum  of 
two  "good"  oscillators.  Only  the  largest  of  the 
hysteresis  values  measured  for  each  resonator- 
oscillator  combination  is  reported.  (The  results 
obtained  with  one  of  the  oscillators  is  omitted 
since  this  oscillator  consistently  produced  poor 
results.  An  example  of  the  data  obtained  with 
this  unit  Is  plotted  In  Figure  9.  It  Is  obviously 
a  defective  circuit;  it  was  obviously  contributing 
significantly  to  the  hysteresis.) 


Figure  9  -  "Thermal  Hysteresis"  with  Defective 
Oscillator 


The  results  plotted  for  a  typical  SC-cut 
hysteresis  run  is  shown  in  Figure  10.  For  the  SC- 
cut  units  especially,  there  was  not  enough  separa¬ 
tion  among  the  four  curves  of  a  run  for  one  to  be 
able  to  determine  hysteresis  from  the  plotted 
data.  The  numbers  reported  below  were  calculated 
from  the  least-squares  fit  to  the  data. 

The  results  for  the  Initial  units  evaluated 
are  shown  in  Table  II.  The  "worst  hysteresis" 
column  shows  the  wor<-r  result  for  the  worst  unit 
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Table  II  -  Initial  Hysteresis  Results 

in  each  group.  For  each  run  the  values  of  the 
lower  turnover  frequencies  obtained  during  the 
second,  third  and  fourth  passes  through  the  lower 
turnover  point  were  compared  with  the  value  ob¬ 
tained  during  the  initial  "calibration"  pass,  and 
the  average  of  the  absolute  values  of  the  devia¬ 
tions  was  calculated.  The  "average  deviation'1 
column  of  Table  II  shows  the  average  of  all  aver¬ 
age  deviations,  for  each  resonator  type. 

The  worst  of  the  nine  SC-cut  units  exhibited 
a  hysteresis  of  8.5  x  10  .  The  hysteresis  of  the 
two  similarly  fabricated  ceramic  flatpack  enclosed 
AT-cut  units  were  about  an  order  of  magnitude 
worse  than  the  worst  SC-cut  units. 


Figure  11  -  Hysteresis  in  Oscillator  Power  Output 


The  use  of  oscillators  for  the  initial  mea¬ 
surements  of  hysteresis  was  chosen  due  to  avail¬ 
ability,  not  because  it  is  the  best  method. 
During  each  hysteresis  run,  in  addition  to 
measuring  frequency  and  temperature,  the  oscil¬ 
lator  power  outputs  were  also  monitored. 
Invariably,  the  power  output  vs.  temperature 
exhibited  hysteresis.  A  typical  power  vs.  tem¬ 
perature  hysteresis  curve  is  shown  in  Figure  11. 
Since  the  oscillator  circuitry  contributed  to  the 
measurement  results  a  finite  but  unknown  amount. 
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tne  '■esjlts  in  Table  ![  represent  upper  Units  on 
tne  resonat  ir-;  ‘  cunt riDut ions  to  the  measured 
hysteresis.  These  preliminary  hysteresis  results 
for  SC-cut  resonators  are  therefore  encouraging. 

Sunnary  and  Conclusions 

^e  frequency  -  temperature  characteristics 
vs.  angle-of-cut  have  been  determined  for  SC -cut 
TC»J  ■■esonators.  for  nany  potential  applications, 
tne  angle-a'-c  ,t  tolerances  are  easy  to  achieve 
with  conventional  cutting  equipment. 

■Tie  in’ninu’i  frequency  excursion  over  a  given 
temperature  range  is  significantly  higher  for  SC- 
cut  resonators  than  for  AT-cut  resonators.  Since 
SC-cut  resonators'  motional  capacitance  is  ap¬ 
proximately  one  third  that  of  AT-cut  resonators  of 
the  sane  overtone,  it  is  significantly  more  dif¬ 
ficult  to  ompensate  SC-cjt  resonators  with  con¬ 
ventional  analog  compensation  techniques, 
however,  overtone  SC -cut  TCXO  resonators  in  dual 
node  oscillators  {using  a  b-«ode  or  some  other 
temperature  sensitive  mode  for  thermometry ) 
promise  to  provide  very  high  accuracy  clock  os¬ 
cillators  tnrougn  'external"  compensation8  tech¬ 
niques. 

The  preliminary  hysteresis  results  are  en¬ 
couraging.  The  results  indicate  that  SC-cut 
resonators  may  permit  a  significant  improvement  in 
tne  stabilities  achievable  witn  TCXO's.  This  is 
especially  true  for  clocx  appl ications.  Before  a 
substantial  improvement  in  TCxO  stabilities  can  be 
-ealized,  tne  following  will  need  to  be  resolved: 

1.  Tne  term  hysteresis  will  have  to  be 
•  •‘irea  in  such  a  manner  that  its  measured  value 
»■ I ’  be  indicative  of  the  worst  case  frequency  vs. 
tenoeratune  non-repeatabi lity  in  actual  use.  The 
nequinec  temperature  cycles,  dwell  times,  rates  of 
cnange  of  temperatures ,  etc.  will  need  to  be  in¬ 
cluded  in  the  definition. 

2.  iteasurement  methods  will  need  to  be 
established  that  can  measure  a  resonator's  hys¬ 
teresis  without  having  the  measurement  equipment 
contribute  significantly  to  the  results.  (The 
ref  lectyieter  technique  described  by  Stone  and 
3altcer'  is  a  promising  a! ternati ve. ) 

3.  oscillator  circuits  and  circuit  compo¬ 
nents  will  need  to  be  carefully  selected  in  order 
to  minimize  the  oscillator  circuits'  contribution 
to  hysteresis. 

i.  To  minimize  thermometry  related  frequency 
errors,  dual  mode  oscillators  which  utilize  modes 
that  are  »ot  subject  to  significant  activity  dips 
or  hysteresis  effects  will  need  to  be  developed. 
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Stannary 


The  disturbed  surface  layers  produced  by 
polishing  and  lapping  affect  considerably  the 
frequency  stability  of  quartz  resonators.  The 
present  work  describes  the  use  of  photolumlnes- 
cence  (PL)  emitted  from  these  layers  for  under¬ 
standing  the  nature  of  the  frequency  instability. 
Experiments  Included  measurements  after  succes¬ 
sive  etchings,  thermal  treatments  and  ultrasonic 
cleaning.  The  effects  on  the  PL  were  compared 
to  those  on  the  resonator  frequency.  Our 
results  support  strongly  the  contamination  me¬ 
chanism  for  the  frequency  instability  due  to 
the  worked  layer  in  quartz  resonators.  It  seems 
that  vapors  (including  water)  adsorbed  in  the 
cracks  and  grooves  of  the  disturbed  layers  play 
an  important  role  in  the  frequency  instability 
due  to  the  worked  layers. 
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Introduction 


The  disturbed  surface  layers  produced  by 
lapping  and  polishing  in  the  process  of  prepara¬ 
tion  of  quartz  resonators  are  known  to  affect 
considerably  the  quality  and  the  frequency  stabi¬ 
lity  of  the  resonators.  The  thickness  of  the 
worked  layers  and  with  it  the  frequency  instabili¬ 
ty  are  known  to  go  up  with  the  coarsness  of  the 
polishing  powders  and  with  the  polishing  pre- 
ssure*»S  Two  mechanisms  were  suggested  to 
explain  the  frequency  drift  due  to  the  worked 
layers.  The  first  assumes  that  the  drift  is  due 
to  the  strain  in  the  surface  layers  produced 
during  the  polishingl, 3,4,  The  frequency  insta¬ 
bility  then  results  from  the  gradual  release  of 
the  stress  produced  by  the  processing^.  By  the 
second  mechanism  the  frequency  instability  is 
attributed  to  the  release  of  embedded  abrasives 
or  contaminants  from  the  cracks  in  the  worked 
surface  layers. 

In  the  present  work  we  have  observed  under 
certain  conditions  photoluminescence  (PL)  excited 
by  UV  light.  This  PL  waB  found  to  originate  from 
the  worked  surface  layers  and  depended  on  the 
coarsness  of  the  grinding  in  a  way  similar  to  that 
of  the  frequency  instability.  Similarities  in 


behavior  between  the  two  effects  were  observed  also 
in  other  treatments,  e.g.  in  the  elimination  of  the 
effects  by  thermal  annealing.  The  PL  produced  in 
the  worked  layers  served  thus  as  a  tool  helping  to 
clarify  the  nature  of  the  mechanism  causing  the 
frequency  instability  due  to  the  disturbed  layers. 
The  results  will  be  shown  to  support  strongly  the 
contamination  mechanism  as  the  main  cause  for  the 
frequency  instability  due  to  the  worked  layers  in 
quartz  resonators. 


Experimental 

The  crystals  used  in  the  present  work  were 
natural  and  synthetic  quartz  in  AT  and  BT  cuts. 

They  were  lapped  with  carborundum  powders  of  var¬ 
ious  meshes  (220-3000#).  Diamond  powder  pastes 
were  used  for  polishing  to  nearly  optical  flatness. 
The  crystals  were  etched  by  a  48%  hydrofluoric  acid 
solution.  PL  and  excitation  spectra  were  recorded 
using  a  Cary  14  spectrophotometer.  For  the  exci¬ 
tation  spectra  the  crystals  were  placed  in  the 
sample  holder  cell  of  the  Cary.  A  combination  of 
mica  and  perspex  filters  placed  between  the  crystal 
and  the  photomultiplier  of  the  Cary  blocked  almost 
completely  the  UV  exciting  light  from  reaching  the 
detector. 

For  measuring  the  emission  spectra  the  sample 
replaced  the  visible  light  source  of  the  Cary  and 
was  excited  by  light  from  a  high  pressure  Xenon 
arc  lamp  or  a  Mercury  arc  lamp  through  a  double 
monochromator  (0.25  meter  Jarrell-Ash  Double  Mono¬ 
chromator).  The  emission  spectrum  was  then  dis¬ 
persed  and  recorded  by  the  Cary  14  spectrophoto¬ 
meter. 

The  resonator  frequencies  were  measured  in  a 
transmission  method  set-up  which  included  a  XUD 
Rohde  and  Schwarz  Decade  Frequency  Synthesizer  and 
Exciter,  a  RQZ  Crystal  Measuring  Head  and  a  USVH 
Selective  Microvoltmeter.  The  resonators  were 
placed  in  a  home-built  bolder  with  a  variable  air 
gap  between  electrodes  set  by  accurate  micrometer 
screws  and  kept  at  a  constant  temperature  (+  0.1”) 
during  the  measurements.  The  resonator  frequencies 
were  also  recorded  using  a  crystal  controlled  os¬ 
cillator  and  a  5245L  Hewlett-Packard  Electronic 
Counter  connected  to  a  581A  Hewlett-Packard 
Digital-Analog  Converter  and  a  chart  recorder.  The 
later  set-up  was  used  especially  for  long  term 
frequency  measurements.  Thermal  treatments  were 
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performed  by  keeping  the  crystals  in  a  test  tube 
placed  in  a  furnace  for  about  15  minutes  at  every 
stabilized  temperature. 

Results 

Figure  1  shows  the  excitation  spectrum  and 
Figure  2  gives  the  emission  spectrum  of  the  PL 
excited  by  I'V  light.  The  excitation  maxima  appear 
near  230nm  and  260nm.  The  emission  shows  a 
maximum  near  420nm  and  a  tail  towards  longer  wave¬ 
lengths.  The  intensity  of  the  PL  as  well  as  the 
ratio  of  the  emissions  excited  in  the  two  bands 
at  230  and  260nm  varied  with  the  conditions  of 
lapping  and  polishing  of  the  crystal  surfaces.  The 
PL  could  be  eliminated  almost  completely  by  ultra¬ 
sonic  cleaning  in  distilled  water  or  in  acetone. 
This  shows  that  the  PL  is  not  intrinsic  to  the 
quartz  and  seems  to  be  associated  with  contami¬ 
nants.  It  is  shown  below  that  the  PL  is  limited 
to  the  worked  layers  and  thus  measurement  of  the 
PL  can  provide  information  on  these  layers. 

In  the  first  series  of  experiments  we  have 
measured  the  PL  after  successive  short  etching 
periods.  Figure  3  gives  the  Intensity  of  the  PL 
as  function  of  etching  time  for  crystals  lapped 
with  various  grinding  powders.  Curve  a  of 
Figure  3  was  obtained  after  grinding  with  coarse 
(220#)  carborundum.  Curve  b  was  obtained  after 
grinding  with  a  finer  powder  (1400//)  and  Curve  c 
gives  the  results  obtained  with  nearly  optically 
polished  surfaces.  It  is  evident  that  the  in¬ 
tensity  of  the  PL  and  the  total  etching  time 
needed  for  its  elimination  go  down  with  the  fine¬ 
ness  of  the  grinding.  In  all  the  curves  there  is 
a  rise  in  the  PL  at  comparatively  short  etching 
times.  The  PL  then  decreases  sharply  to  a  lower 
vaLue  from  which  a  further  gradual  decrease  in  it 
takes  place.  The  PL  disappears  completely  when 
the  worked  layer  is  entirely  etched  away.  While 
the  total  etching  time  needed  for  full  elimination 
of  the  PL  was  many  hours  with  the  very  rough 
surfaces  (Curve  a),  it  is  much  shorter  in  Curve  b 
and  very  short  in  Curve  c  (nearly  optical  polish¬ 
ing)  .  The  results  thus  show  clearly  that  the  PL 
is  limited  to  the  worked  layers. 

Figure  4a  shows  again  the  effect  of  the 
etching  on  the  PL  for  a  crystal  with  rough  sur¬ 
faces  (220//)  .  This  time  the  etching  was  stopped 
several  times  and  the  crystal  was  left  standing 
in  ambient  room  atmosphere,  each  time  for  nearly 
20  hours.  The  standing  time  for  itself  affected 
only  slightly  the  PL  (usually  there  was  a  small 
Increase).  However,  when  resuming  the  etching 
there  was  a  considerable  increase  in  the  PL, 
similar  to  that  obtained  in  the  beginning  but 
weaker.  This  effect  of  standing  could  be  repeated 
many  times  with  the  intensities  going  down  in 
successive  sets  of  experiments  until  the  worked 
layer  was  completely  etched.  Curve  b  of  Figure  4 
shows  the  reduction  in  crystal  thickness  by  the 
etching.  The  PL  versus  etching  time  shown  in 
Figure  3  can  be  in  a  way  related  to  the  curves  of 
frequency  shift  versus  etching  time  reported  by 
Fukuyo  and  Oura^  a  matter  which  will  be  discussed 
below. 


Figure  5a  shows  the  effect  of  annealing  at 
various  temperatures  upon  the  PL  of  the  worked 
layer.  The  PL  was  measured  each  time  after  cool¬ 
ing  back  to  room  temperature.  It  is  seen  to 
decrease  strongly  below  200°C.  The  cancellation 
of  the  PL  by  annealing  can  be  analysed  by  thermo- 
analytical  methods.  Curve  b  in  Figure  5  gives 
the  temperature  derivative  of  the  PL  SLi  t T) .  It 

peaks  at  about  160°C.  Keeping  the  thermally 
treated  crystal  for  some  time  (e.g.  one  day)  in 
ambient  atmosphere  at  room  temperature  caused  some 
re-appearance  of  the  PL,  which  indicated  that 
vapors  from  the  atmosphere  play  a  role  in  the 
centers  causing  the  PL.  This  was  also  supported 
by  the  following  experiment:  Two  quartz  crystals 
were  lapped  (with  220#  carborundum) .  One  of  the 
crystals  was  left  at  room  temperature  and  the 
other  was  kept  at  about  20°  above  room  temperature. 
The  PL  intensity  of  both  crystals  va9  measured 
every  day  during  a  week.  The  results  are  shown 
in  Figure  6,  in  which  Curve  a  gives  the  PL  of  the 
crystal  kept  at  20°  above  room  temperature  and 
Curve  b  gives  that  of  the  one  kept  at  room  tem¬ 
perature.  It  can  be  seen  that  while  the  PL  of 
the  first  crystal  decreased  with  standing  time, 
that  or  the  latter  one  Increased  with  time.  This 
fits  the  hypothesis  of  vapors  from  the  atmosphere 
participating  in  the  process. 

Some  measurements  were  also  performed  on  the 
effects  of  grinding  processes  and  thermal  treat¬ 
ment  on  the  quartz  resonator  frequency.  Figure  7a 
shows  the  frequency  drift  versus  time  for  a 
crystal  lapped  with  600#  carborundum.  Soon  after 
lapping  the  crystal  was  dried  for  one  minute  at 
about  70°C  after  which  it  was  placed  between  the 
electrodes  and  kept  at  constant  temperature  (a  few 
degrees  above  room  temperature)  when  the  recording 
of  the  frequency  started.  The  frequency  is  seen 
to  rise  in  a  way  similar  to  that  described  by 
Oura  et  al^.  We  have  also  confirmed  the  results 
described  in  Ref.  1  by  which  the  frequency  drift 
is  smaller  when  lapping  with  finer  abrasive 
powder  and  goes  down  practically  to  zero  with 
nearly  optically  polished  surfaces. 

Figure  7b  gives  the  frequency  drift  with  time 
for  a  crystal  lapped  in  a  way  similar  to  that  used 
foT  Figure  7a  but  annealed  for  20  minutes  at  350° C 
and  cooled  back  to  room- temperature  before  re¬ 
cording  the  frequency.  The  frequency  decreased 
now  during  the  first  few  hours  after  which  it 
increased  very  slightly  with  time.  It  should  be 
noted  that  the  initial  decrease  in  frequency 
observed  in  Curve  7b  was  much  smaller  in  other 
similar  experiments. 

Curve  a  in  Figure  8  shows  the  frequency  drift 
of  an  AT  cut  resonator  lapped  with  600#  carborun¬ 
dum  to  a  frequency  of  about  4014  KHz.  The  annea¬ 
ling  was  performed  in  a  way  similar  to  that 
described  for  Figure  5  and  the  frequency  measure¬ 
ments  were  carried  out  as  for  Figure  7.  We  note 
that  though  the  frequency  rise  starts  at  about 
100°C,  the  main  rise  occurs  near  280°C.  Curve  8b 
gives  the  same  as  8a  but  after  fine  lapping  and 
polishing  of  the  9ame  crystal  to  4082  KHz  when 
most  of  the  original  worked  layer  was  removed.  The 
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frequency  drift  is  now  much  smaller  as  expected. 
Curve  8c  gives  the  temperature  derivative  of  Curve 
8a  (Af/AT).  It  exhibits  a  peak  at  about  280°C  and 
a  long  tail  towards  lower  temperatures.  In  spite 
of  the  analogous  behavior  between  the  PL  and  the 
frequency  during  the  thermal  treatment  (compare 
Figures  5  and  8),  there  is  a  distinct  difference 
between  the  two  effects.  While  the  peak,  of 
-  AL/AT  occurs  below  200°C  that  for  Af/AT  appears 
near  300° C. 


Discussion 


The  PL  was  shown  to  decrease  gradually  with 
etching  time  and  it  came  down  to  zero  intensity 
when  the  disturbed  layer  was  completely  etched 
away.  This  proves  that  it  originates  in  the  dis¬ 
turbed  layer.  It  was  also  shown  in  the  present 
work  that  the  PL  depended  strongly  on  the  rough¬ 
ness  of  the  worked  layer  and  was  affected  by 
etching.  At  short  etching  times  the  luminescence 
increased  and  gave  a  complex  maximum.  The  exact 
nature  of  the  process  causing  this  increase  in  PL 
is  not  clear.  It  seems,  however,  that  it  involves 
the  adsorption  of  some  components  from  the  hydro¬ 
fluoric  acid  solution  at  the  rough  surfaces  of  the 
worked  layers.  Fukuyo  and  Oura^  have  observed  an 
abrupt  decrease  in  frequency  of  quartz  resonators 
after  short  etching  times,  an  effect  which  could 
be  eliminated  by  preheating  to  520°C.  This  is  in 
a  way  similar  to  the  effect  of  the  increase  in  PL 
in  our  experiments  and  so  it  may  also  be  related 
with  adsorption  at  the  crystal  surfaces.  Quanti¬ 
tatively  the  two  effects  differed  from  each  other. 
While  the  frequency  decrease  observed  in  Ref.  2 
was  limited  to  the  removal  of  very  thin  layers 
(of  the  order  of  a  small  fraction  of  a  micron)  the 
increase  in  PL  in  our  experiments  lasted  (in 
roughly  polished  crystals)  until  more  than  one 
micron  was  removed  from  each  face  by  etching  (see 
Figure  4).  This  behavior  should  be  attributed 
partly  to  differences  in  the  roughness  of  the 
polished  crystal  faces  and  partly  to  the  charac¬ 
teristics  of  the  two  effects:  while  the  PL  depends 
on  the  availability  of  the  rough  worked  layer,  the 
frequency  will  turn  to  go  up  with  the  removal  of 
material  from  the  surfaces,  which  starts  after 
very  short  etching  times.  Thus  only  in  the  very 
initial  stage  of  etching  it  may  be  possible  to 
observe  a  decrease  in  frequency  due  to  adsorption. 


Curve  8c  shows  &  long  tell  on  Its  low  temperature 
side  down  to  about  100°C.  The  initial  rise  method 
gave  for  this  tail  an  activation  energy  of  about 
0.4  eV,  while  from  the  shape  of  the  main  peak  at 
280°C  we  obtained  values  near  to  2  eV.  In  spite 
of  the  relatively  high  inaccuracy  in  the  deriva¬ 
tive  curves  resulting  from  the  scattering  of  the 
experimental  points  (especially  in  Curve  8c)  the 
difference  between  the  thermal  stability  of  the  PL 
and  that  of  the  frequency  shift  is  real.  The 
discrepancy  may  have  resulted  from  differences  in 
the  origin  of  the  two  measured  effects.  Because 
of  the  high  scattering  of  the  light  at  the  rough 
surfaces  of  the  crystals  the  PL  reaching  the 
detector  was  limited  to  a  very  thin  surface  layer 
of  about  .1  micron.  The  thermal  activation  energy 
measured  from  Curve  5b  should  therefore  be  related 
to  the  release  of  contaminants  from  these  shallow 
surface  layers.  For  the  frequency  shifts,  how¬ 
ever,  the  release  of  contaminants  from  the  whole 
thickness  of  the  worked  layers  had  an  effect.  The 
effective  layer  depth  in  this  case  was  a  few 
microns  and  hence  the  higher  peak  temperature  and 
higher  activation  energy. 


It  has  been  mentioned  above  that  prolonged 
ultrasonic  cleaning  of  the  crystals  in  water  as 
well  as  in  other  solvents  eliminated  almost  com¬ 
pletely  the  PL.  Similarly,  such  cleaning  resulted 
in  an  appreciable  increase  in  the  frequency  of 
roughly  polished  resonators.  This  frequency  in¬ 
crease  was  under  certain  conditions  by  more  than 
one  percent  of  the  resonator  frequency.  This  ran 
be  accounted  for  by  assuming  that  during  the  rough 
polishing  the  grooves  and  cracks  in  the  worked 
layer  are  filled  up  with  the  ground  quartz  powder 
mixed  with  some  abrasive  and  probably  also  other 
contaminants.  It  is  known?  that  quartz  powder 
adsorbes  strongly  water  vapor.  More  than  that, 
the  release  of  the  adsorbed  water  from  the  quartz 
powder  was  shown?  to  take  place  over  a  wide  tempe¬ 
rature  range  up  to  about  600°C.  The  exact  thermal 
behavior  will  depend  on  the  roughness  of  the  pow¬ 
der  particles  and  on  the  depth  of  the  layers.  We 
suggest  that  the  thermal  elimination  of  the  PL  and 
the  frequency  drift  with  temperature  result  from 
the  release  of  vapors  from  the  powder  filled 
cracks  of  the  worked  lave'-.  The  temperature  at 
which  the  main  release  of  the  vapors  occurs  will 
then  depend  on  the  roughness  and  depth  of  the 
worked  layers. 


°ur  thermal  treatment  experiments  both  on  the 
PL  (Figure  5)  and  frequency  shift  (Figure  8 )  sup¬ 
port  strongly  the  contamination  model.  Both  the 
effects  fit  well  the  shape  of  thermogravimetr ic 
curves  in  which  the  reduction  in  mass  is  plotted 
as  function  of  temperature.  For  the  analysis  of 
such  curves  it  is  convenient  to  take  the  tempera¬ 
ture  derivatives  when  conventional  methods  common 
in  thermally  stimulated  processes,  e.g.  thermo¬ 
luminescence,  can  be  used3.  The  derivatives  are 
given  in  Figures  5b  and  8c  for  the  PL  and  the 
frequency  shift  respectively.  For  the  PL  we 
obtained  an  activation  energy  of  0.72  eV  using 
the  initial  rise  method**  and  a  value  of  0.8  eV 
assuming  first  order  kinetics  and  using  the  peak 
shape  method**.  The  results  obtained  from  the 
frequency  shift  were  different.  We  note  that 
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Figure  1.  Excitation  Spectrum  for  the  PL  Originating  in  the 
Worked  Layer  of  Quartz  Plates 
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Figure  2  Emission  Spectrum  of  the  PL  Excited  by  UV  Light 


Figure  3.  The  Effect  of  Etching  Time  on  the  PL  for  Crystals 
Lapped  with  Various  Grinding  Powders 
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Figure  5.  The  Effect  of  Heating  to  Various  Temperatures  on  the 
PL  of  the  Worked  Layer  (Curve  a).  Curve  b  Gives  the 
Temperature  Derivative  of  the  PL  Intensity  (■  al/  AT). 
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Figure  6.  The  Dependence  on  Standing  Time  of  the  PL  of  a 


Crystal  Kept  at  20°  Above  Room  Temperature 
(Curve  a)  and  That  of  One  Kept  at  Room  Temperature 
(Curve  b). 
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Summary 

V 

Tunnels  observed  in  unetched  quartz  crystals 
showing  a  multitude  of  orientations  in  the  crystal 
are  described.  They  varied  from  a  fraction  of  a 
micron  up  to  about  2  microns  in  their  diameters, 
and  penetrated  a  few  millimeters  into  the  crystal. 
The  diameter  was  constant  along  the  whole  length 
of  a  given  tunnel. 


It  is  suggested  that  these  tunnels  as  well  as 
tunnels  in  quartz  in  general,  were  formed  during 
the  growth  of  the  crystal.  By  this  assumption 
etching  only  broadens  existing  tunnels,  and  so 
makes  them  observable  optically. 

Key-words :  Quartz,  Growth,  Tunnels,  Micros¬ 
copic  Observations,  Edge  Illumination. 


Introduction 


Defects  having  the  shape  of  tunnels  affect 
considerably  the  quality  and  frequency  stability 
of  quartz  resonators.  It  is  therefore  important 
to  understand  their  origin.  Tunnels  have  been 
observed  in  natural  and  synthetic  quartz  by  seve¬ 
ral  investigators*-^.  Nielsen  and  Foster^  have 
observed  deep  etch  tubes,  ribbon-like  in  shape,  in 
synthetic  and  natural  quartz.  They  hesitated  to 
state  that  the  structure  and  characteristics  of 
the  tunnels  can  be  ascribed  to  a  dislocation. 
Another  model  suggested  by  these  authors  involved 
non-uniform  incorpora t ion  of  impurities  in  the 
i  rvstal  during  its  growth.  In  an  additional  model 
they  suggested  that  the  tubes  were  formed  by  etch¬ 
ing  of  impurities  precipitated  along  dislocation 
lines.  This,  they  say,  would  account  for  the  great 
depth  t  penetration  and  small  cross  section  of 
the  observed  etch  tubes.  Iwasaki-  has  observed 
tunnels  in  synthetic  quart/,  only  after  prolonged 
'.t  hing  in  hvtlro  t  luor  i  c  acid.  Ho  concluded  accor¬ 
dingly  that  the  defects  were  formed  bv  etching,  and 
suggested  that  vapors  of  the  arid  penetrating  along 
dislocation  lines  produce  the  tunnels.  Ser  et  al 1 
studied  natural  quartz.  They  stressed  that  bv 


op t  i  c  a  1.  mic  ro  scopy  the  tunnels  are  observable  only 
after  etching,  and  suggested  that  t  lie  tunnels  were 
tormi'd  along  dislocation  lines  decorated  by  im¬ 
purities.  The  etching  then  removes  these  impuri¬ 
ties.  The  tunnels  observed  by  Ser  et  al^  showed 
wide  variations  in  orientation  in  the  crystal  and 
usually  started  at  inclusions  in  the  crystal.  They 
have  also  observed  some  line  defects  that  showed 


a  higher  contrast  in  x-ray  topography  than  that  of 
dislocation  lines  and  concluded  that  the  defects 
were  narrow  tunnels  not  observable  optically.  In 
the  present  work  we  report  on  tunnels  observed 
optically  in  crystals  that  have  not  been  etched 
chemically.  We  suggest  that  tunnels  In  general  may 
have  been  formed  during  the  growth  process,  and  not 
by  chemical  etching  which  only  broadens  the  exis¬ 
ting  tunnels  in  crystals  to  dimensions  which  make 
them  observable  optically. 


Experimental 


The  experiments  were  carried  out  on  commercial 
synthetic  AT-cut  crystals.  The  sawn  crystal  plates 
were  polished  using  various  meshes  of  silicon  car¬ 
bide  powders  (1000#- 3000#) .  The  crystals  were 
studied  using  an  optical  projection  microscope 
(Vickers).  The  tunnels  were  observed  either  by 
transmission  or  by  edge  illumination  of  the  crys¬ 
tal.  In  the  latter  case  the  crystal  had  to  be 
rotated  and  at  a  given  orientation  the  reflection 
from  the  tunnels  became  brilliant. 


Results 


Figure  1  is  an  optical  micrograph  (x  110) 
obtained  by  light  transmitted  through  the  crystal. 
It  shows  many  tunnels  which  vary  widely  in  crystal 
orientation.  About  a  dozen  of  different  orienta¬ 
tions  can  be  seen  in  the  plane  of  the  crystal  plat* 
and  additional  orientations  are  obtained  t  r.-ur  tin* 
different  .angles  of  penetration  into  the  crystal 
plate.  The  diameter  of  a  given  tunnel  was  constant 
along  its  whole  length.  Some  of  the  tunnels  are 
barely  visible  and  they  seem  to  be  only  a  fraction 
of  a  micron  in  diameter.  Those  giving  the  stronger 
contrast  are  1-2  microns  in  diameter.  Practically 
all  the  tunnels  penetrate  through  the  whole  thick¬ 
ness  of  the  plates  which  was  300-500  microns.  In 
Fig.  1  the  density  of  the  tubes  is  of  the  order  >*♦ 
lO^cm-?.  The  tunnels  generally  had  the  shape  cf 
straight  lines.  Figure  2  (also  x  110)  was  ehtuine.: 
bv  edge  illumination.  The  tunnels  are  well  focus¬ 
sed  at  the  crystal  surface  under  examination  and 
get  out  of  focus  on  penetration  into  the  bulk  M 
the  crystal,  which  gives  them  an  appearance  oi 
comets.  One  notices  that  the  angle  of  penetration 
in  relation  to  the  crystal  surface  Is  not  the  sane 
for  all  the  tunnels.  This  is  clearer  in  Fig.  3 
taken  at  a  higher  magnification  (x  330),  which  also 
shows  bundles  of  tunnels.  It  is  interesting  that 
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■ . :  riii  !  *  i  1 1  '  i  i 1 1 1 s  phi' l . >gr  .iph:*  ( i  i  pirc.s  2  anil  3 )  , 
tiii*  v'i  i-.-i'.l  itii>ii  ut  ,.vhu,li  tin*  rot  lection  from  the 
Illinois  tl.ishod  up  was  l ho  same  for  all  the  tunnels 
i;i  -pile  vj  the  wide  variation  in  orientations, 
in  is  tliat  the  walls  of  the  tunnels  are  not 

parallel  to  t no  main  direction  of  the  tunnel  but 
iia  rutin  r  built  of  segments  with  prefered  crystal 
orient  at  ion-. .  The  flash-up  of  the  tunnels  is  then 
!  twined  i- .  near-specular  ret  lections  from  these 
•ug:.ent  ia.ots.  Figure  u  (x  110)  is  a  transmission 
f,:.io  t  ogr-iph  of  another  synthetic  crystal.  In  this 
use  Lite  crystal  has  been  etched  during  the  pro- 
i  i ss  of  manufacture  as  a  resonator.  This  time  the 
densitv  of  tunnels  is  quite  high  and  they  show  a 
wide  variation  in  contrast.  Some  of  the  tunnels 
are  a  few  microns  in  diameter  while  others  are 
barely  visible  optically.  In  this  crystal  the  tun¬ 
nels  are  all  parallel  to  each  other. 

Discussion  and  Conclusions 

Existing  models  for  tunnels  in  quartz  assume 
that  they  were  formed  by  etching  along  regular  dis¬ 
locations  or  along  impurity  decorated  ones. 

A  few  difficulties  arise  in  these  models: 

It  i^  diftieult  to  accept  that  the  acid  or 
cvi-n  its  vapors  can  etch  the  crystal  a  few  mi  111- 
rctc-iv.  Jvcp  along  a  dislocation  line  of  atomic 
dimensions  in  cross  section. 

J)  7 t  Is  improbable  that  dislocation  lines  will 
:  a V.  -•>  many  orientations  in  quartz  crystals  (see 
Figures  1-3)  all  advancing  in  straight  lines. 

Itching  along  dislocation  lines  should  neces- 

•  ’  1 1 i l y  start  near  the  crystal  surfaces.  It  should 
'  a-b-unoe  more  into  the  bulk  of  the  crystal 

•  har  tin  .urface  compared  to  that  deeper  along  the 
tunnel.  i!u  cross  section  should  then  come  down 
wit:;  t : .i  depth  of  penetration.  Our  observations, 

h. •*.:*? ver*  showed  that  the  cross-section  of  the  tun- 
ad-  was  constant  along  their  whole  length. 

io  overcome  the  latter  difficulty  it  has  been 
i  - si  rued *  that  the  strain  energy  associated  with 
'he  presence  of  impurities  at  a  dislocation  line 
results  in  faster  etching  along  the  dislocation 

■  'Vipirol  to  that  in  t ho  rest  of  the  crystal.  Even 
■’C ,  one  snould  still  expect  the  cross-section  to 

d.  wn  with  liie  depth  of  penetration,  at  least 

■  i  rparatively  short  etching  times. 

in  Lho  present  work  we  have  observed  tunnels 
in  .  rvstals  soon  after  slicing,  without  chemical 
I'hese  tunnels  were  certainly  formed 
!ui  i:u  t  ic  growth  of  the  crystal.  In  order  to 
rerovc  t:ie  difficulties  stated  avove  we  suggest 
:  -.it  t  aiiic  is  in  genet  a  1  are  formed  during  the 
:•  •:  «i  t\.  It  seems  that  the  "growth-tunnels" 

•  :<  • 1  -  *  i  y  t  n.»rr  to  be  observed  optically. 

f.  ■  :ug,  t  ,  b  tv  a  Jens  them  to  make  them  observa- 
:•  :  iil;-. 

,  l.i  .  rv’  .*fb  hypothesis  removes  or  at  least 
'  1  v.  •  tin  above  stated  difficulties.  Most  tun- 
’  »  ’  •  «  ».v  been  observed  to  start  at  inclusions^  or 

; '  *  :>•-  •««  cd  botjsvlary.  Such  defects  should  inhibit 

''i"  ->f  tb«.  gr.wll.  front  when  a  tunnel  is 

i  ■  :  *  i  s  d  .  Ilu  'rirtu.it  i«m  of  the  tunnels  is 


then  determined  h y  the  direction  ui  the  growth 
front.  If  tliis  is  the  cast-  tunnels  originating  at 
neighboring  points  in  the  crystal  should  not  vary 
much  in  orientation.  This  was  indeed  observed  in 
the  present  work  for  bundles  of  tunnels  (see 
Figure  J) .  The  orientation  along  a  given  tunnel 
can  by  this  hypothesis  change  with  the  direction 
of  advance  of  the  growth  I  r*>at  .  Nielsen  et  al^ 
have  indeed  reported  that  tunnels  shewed  "a  strong 
tendency  to  follow  the  direction  or  growth". 

The  observation  of  tunnels  in  unetched  crys¬ 
tals  supports  strongly  our  "growth  hypothesis". 

One  can  still  argue  that  the  tunnels  in  unetched 
crystals  are  "etch  tunnels"  formed  during  the  coo¬ 
ling-down  of  the  autoclave.  This  hypothesis,  how¬ 
ever,  leaves  the  difficulties  stated  above  unsol¬ 
ved,  which  makes  the  growth  hypothesis  more  pre¬ 
ferable  . 

A  growth  hypothesis  has  been  suggested  by 
Nielsen  et  al^  for  tunnels  starting  at  the  seed. 
These  authors  suggested  that  the  NaOH  solution 
used  in  hydrothermal  growth  may  etch  tubes  in  the 
quartz  seed  before  growth  begins.  The  disturbance 
causing  etch  tubes  then  remains  and  is  propagated 
as  the  crystal  grows.  We  thus  only  extend  the 
growth  hypothesis  to  include  tunnels  originating 
at  other  defects,  e.g.  at  inclusions  in  the  crys¬ 
tal. 

Vig  et  al  reported**  that  swept  and  especially 
vacuum-swept  crystals  produce  far  fewer  tunnels  by 
etching.  These  observations  show  that  sweeping 
increases  t ho  resistance  to  etching  in  the  tunnels. 
In  connection  with  this  it  is  worth  noting  that 
the  rate  of  etching  in  quartz  is  believed  to  de¬ 
pend  strongly  on  the  number  of  tetrahedral  coordi¬ 
nation  sites  at  the  etched  surface^.  This  model 
has  been  used  to  explain  the  differences  by  more 
than  a  factor  of  one  hundred  in  the  etching  rate 
of  quartz,  depending  on  the  orientation  of  the  at¬ 
tacked  surface.  If  so,  the  sweeping  may  affect 
internal  surfaces  in  the  tunnels  in  a  way  that  the 
tetrahedral  coordination  sites  enabling  an  easy 
attack  are  eliminated. 
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Figure  1.  A  Transmission  Micrograph  (x  1 10)  of  an  Unetched 
AT  Cut  Synthetic  Quartz  Plate 
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Figure  2.  A  Micrograph  (x  1 10)  Showing  the  Tunnels  as 

Observed  by  Edge  Illumination.  The  Same  Crystal 
as  in  Figure  1. 


Figure  4.  A  Transmission  Micrograph  (x  1 10)  of  an  AT  Cut 

Synthetic  Quartz  Plate  Etched  During  the  Process  of 
Manufacture  as  a  Resonator 
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In  the  past,  atomic  oscillators  have  not 
been  designed  to  operate  in  the  presence  of 
severe  vibration.  In  recent  years  some  have 
been  designed  to  allow  some  vibration  but  now 
they  are  being  called  on  to  accommodate 
sinusoidal  vibration  up  to  14  "g's"  peak  and 
random  vibration  spectra  up  to  0.5g2/Hz  or  more. 
These  levels  perhaps  required  only  survival  a 
few  years  ago,  but  are  now  the  operating 
environment  of  atomic  oscillators. 

Efforts  to  improve  the  acceleration- 
susceptibility  of  the  rubidium  oscillator  have 
been  successful  in  the  rubidium  portion,  but 
vibration-induced  sidebands  in  the  quartz- 
crystal  oscillator  cause  a  great  deal  of 
difficulty  when  multiplied  to  6.8  GHz  to  in¬ 
terrogate  the  rubidium.  Of  course,  the  quartz 
oscillator  frequency  is  also  the  output  avail¬ 
able  to  the  user  who  has  similar  difficulties 
in  multiplying  to  UHF  or  microwave.^ 

Approaches  to  alleviate  the  difficulty 
include  (a)  "non-crystal"  oscillator,  (b)  less 
sensitive  quartz  crystals,  (c)  accelerometer 
compensation  schemes  and  (d)  combinations  of 
these.  This  paper  concentrates  on  accelerometer 
compensation  of  the  vibration  and  acceleration 
sensitivity  of  the  crystal.  Considerable 
reference  is  made  to  the  research  done  by 
Or.  R.  L.  Filler1*2  and  V.  R.  Rosati2.  It  is 
our  plan  to  combine  the  government  research 
effort  with  Efratom's  developmental  capability 
to  produce  a  miniature  rubidium  oscillator  suit¬ 
able  for  operation  as  a  precise  atomic  oscillator 
in  the  severe  Seektalk  vibration  environment. 

Introduction 

The  Seektalk  Oscillator  vibration  require¬ 
ments  can  be  translated  to  a  phase-noise  plot1 
as  shown  in  Figure  1.  It  is  evident  that  a  20 
to  30  dB  reduction  is  required  in  order  to  keep 
the  phase-noise  spectrum  to  a  reasonable  level 
when  crystals  having  a  1  to  3  ppb/g  sensitivity 
are  used.  The  reduction  scheme  is  shown  in 
block  aiagram  form  in  Figure  22  .  It  should  be 
emphasized  that  for  the  compensation  to  be 
correct,  the  accelerometer  and  amplifier  must 
subtract  the  acceleration  effects  by  supplying 


the  proper  magnitude  and  phase,  there  perhaps 
being  a  tendency  to  overlook  phase  at  first.  To 
appreciate  the  part  phase  plays,  one  may  assign  a 
single  pole  within  the  compensation  bandwidth  of 
the  accelerometer  and  see  that  the  phase  lag 
causes  lack  of  compensation  even  more  rapidly  than 
does  decrease  in  gain.  Also,  mechanical  alignment 
of  the  sensitive  axes  of  the  crystal  and  accelero¬ 
meter  (Figure  3)  is  critical  if  an  order  of  magni¬ 
tude  or  more  compensation  in  all  axes  is  to  be 
achieved.  The  sensitive-axis  error  is  related  to 
the  cosine  of  the  mismatch  angle,  but  the  cross 
axis  sensitivity  to  the  sine.  This  means  that  for 
instance  a  6°  misalignment  alone  would  cause  a 
cross  axis  response  of  one-tenth  the  uncompensated 
on-axis  response. 


Requirements 


Crystal 


The  crystal  should  be  an  SC-Cut  for  high  sen¬ 
sitivity  to  applied  voltage.  It  appears  that  a 
fundamental  resonator  has  a  high  sensitivity 
(7  ppb/v)2  with  third  and  fifth  overtones  having 
progressively  less  voltage  sensitivity  (3  and 
1.8  ppb/v  respectively).  We  would  assume  from 
this  that  voltage  sensitivity  is  dependent  on 
electric  field  strength  rather  than  applied  volt¬ 
age.  The  "lesser"  doubly-rotated  cuts  (FC,  IT) 
are  less  voltage  sensitive,  as  to  be  expected  if 
the  voltage  sensitivity  is  caused  by  applying  the 
electric  field  along  a  particular  crystal  axis. 

The  crystal  should  have  a  low  acceleration  sensi¬ 
tivity  for  two  reasons;  the  correction  will  only 
be  an  order  of  magnitude  or  so,  and  the  correcting 
voltage  should  be  within  limits  that  are  reason¬ 
able  such  as  +  10  volts  rather  than  say  t  lOOvolts. 
In  the  example  of  Figure  2,  with  an  acceleration 
sensitivity  of  3  ppb/g  and  a  voltage  sensitivity 
of  3  ppb/g,  a  t  lOg  correction  requires  i  1 0 V . 

Oscil lator 

The  oscillator  itself  should  obviously  be 
designed  to  accommodate  the  large  low-frequency 
voltage  swings  at  the  crystal  terminals.  The 
oscillating  stage  input  should  certainly  see  no 
more  than  a  few  millivolts  at  its  input.  The 
tuning  diode  should  certainly  not  cause  even  a 
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fraction  of  a  part  per  billion  frequency  change 
in  response  to  the  compensating  voltages.  For 
instance,  if  the  tuning  diode  had  an  average 
sensitivity  of  5  x  10'8/V,  it  should  have  a  few 
mi  li volts  or  less  impressed  across  it  as  a  result 
of  the  compensation  voltage.  Otherwise,  both  of 
these  would  create  sidebands  of  their  own  at  the 
vibration  frequency. 

Accelerometer 

Suitable  accelerometers  fall  into  two  major 
categories;  piezoelectric  and  piezoresistive. 
Relative  merits  of  the  two  are  tabulated  in 
Table  1.  In  general,  the  piezoelectric  acceler¬ 
ometer  with  a  charge  amplifier  has  been  used  in 
precise  instrumentation  for  many  years  and  is 
well-developed.  The  piezoresistive  type  is  more 
attractive  for  circuit  simplicity,  size,  weight, 
price  and  dc  response.  With  dc  response,  the 
compensation  may  be  accomplished  in  the  earth's 
field  without  the  capital  equipment  and  man  hours 
involved  in  alignment  by  vibrating  in  all  axes. 
Accurate  response  below  about  5  Hz  is  not  opera¬ 
tionally  required  with  the  rubidium  oscillator 
since  the  servo  loop  has  a  bandwidth  exceeding 
this.  Substantial  effort  is  being  directed  to¬ 
ward  choosing  the  optimum  piezoresistive  acceler¬ 
ometer,  but  an  excellent  sub  miniature  piezo- 
eletric  device  is  still  very  much  in  contention. 

Amg_l  i  f_ier 

In  general  the  amplifier  signal  must  bring 
tne  accelerometer  signal  up  to  about  1  v/g  with 
a  minimum  bandwidth  of  about  30  times  the  highest 
frequency  to  be  compensated.  This  could  mean  a 
gain  of  perhaps  260  with  a  bandwidth  of  more  than 
40  smz,  so  an  amplifier  with  a  gain  bandwidth 
product  of  10  MHz  or  more  would  be  in  order.  The 
operational  gain  adjusts  of  course  to  match  the 
g-sensi tivi ty  of  the  crystal. 

A  bridge  amplifier  for  a  piezoresistive 
accelerometer  must  be  adjustable  over  a  wide 
range,  since  a  dc  offset  of  several  "g's"  is 
conrion  in  accelerometers  having  a  suitable 
resonant  frequency. 

A  charge  amplifier  has  minimum  offset  adjust¬ 
ment  considerations,  but  in  order  to  have  a  low 
frequency  corner  of  a  few  tenths  hertz,  it  re¬ 
quires  very  high  resistances.  The  same  is  true 
if  the  accelerometer  is  operated  as  a  voltage 
source.  For  instance  the  sensitivity  of  small 
accelerometers  runs  about  3  pc/g.  For  1  mv/g 
sensitivity,  the  capacitance  would  be  3  nf  and 
then  for  a  0.6  hertz  corner  frequency  the  resistor 
would  be  100  megohms. 

Resul ts 

Tests  so  far  have  been  quite  general  to 
identify  surprises  such  as  oscillator  circuit 
sensitivity  to  compensating  voltage,  behaviour 
of  accelerometers,  practicality  of  aligning  the 
accelerometer  axis  with  the  g-sensitive  vector  of 
the  crystal  etc. 


The  reduction  in  sensitivity  has  been  15  dB 
in  most  cases  (3  ppb/g  to  0.5  ppb/g),  that  is, 
most  axes  and  most  frequencies  up  to  about  500  Hz. 

The  g-sensitive  vector  of  the  crystal  seems 
to  shift  a  bit  (several  degrees)  as  the  unit  is 
vibrated  in  two  or  three  axes.  Crystals  tested 
so  far  have  been  in  HC-40  holders  with  three 
point  epoxy  mounts.  We  will  be  interested  to  see 
if  this  was  an  isolated  case  or  if  the  vector 
stabilizes  after  being  vibrated  several  times. 
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an  Air  Force  contract.  (Seektalk  Program  Office, 
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Figure  3:  Procedure  for  aligning  sensitive  axes  of  crystal  and  accelerometer. 


Table  1 

Comparison  of  Piezoelectric  and  Piezoresi stive  Accelerometers. 
In  order  of  supposed  importance  for  this  application. 


Piezoelectric 

Piezoresi stive 

Output  Impedance 

High  (hundreds  of 
picofarads) 

Low  (hundreds  of 
ohms) 

Resonant  Frequency 

Sensi ti vi ty 

Tens  of  Kilohertz 

1-5  mv/g 

Few  Kilohertz 
. 5-4  mv/g 

RF  Field  Susceptibility 

Sensi ti ve 

Less  sensitive 

Transverse  sensitivity 

<  3-o 

<  3 

OC  Response 

None,  1-10  Hz  minimum 
depending  on  charge 
amp 1 i f  ier 

Yes 

Cost 

High  -  $400. 

Less  High  -  $300. 

Complexity  in  use 

Charge  ampl i fier 

Zero  adjustment 

Size,  Weight 

10  x  10" 3  in3,  2.5  gram 

2  x  10" 3  in3,  1  gram 

Accuracy 

•  .5  dB  over  frequency 

±  .5  dB  over  frequency 

Temperature  Sensitivity 

Negligible  when  mounted 

on  crystal  oven 
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Abstract. 

V 

An  approximate  tri dimensional  analysis  of 
an  SC-cut  quartz  trapped  energy  resonator  vibra¬ 
ting  in  quasi  thickness  shear  mode  is  made  for 
the  ('-mode.  Three  displacement  components  are  cal¬ 
culated  ir.  an  axis  reference  system  where  the 
C -merle  has  just  two  components  none  zero.  It  is 
chooser  such  that  displacement  directions  are  clo¬ 
se  *o  that  one  of  SC-cut  propagation  direction  in 
infinite  medium.  Then,  a  simplified  analysis  ena¬ 
bles  to  obtain  two  coupled  equations  to  calculate 
u  and  i  ,  -  components  of  the  displacement.  A 
third  equation  couples  together  three  displace¬ 
ment  compui  cuts . 

If  we  consider  that  u1  and  are  as 
external  force  terms  cicting  on  u^,  it  is  possible 
to  resolve  the  third  equation  and  to  obtain  u^ 
which  is  decomposed  along  its  eigenvectors. 

Amplitude-Frequency  (A.F.)  effect  due  to 
non  Linearities  of  the  cristal  is  calculated  with 
results  of  previous  analysis  by  using  perturba¬ 
tion  technics.  A  relation  of  A.F.  effect  is  given 
as  a  function  of  the  applied  power  and  the  cur¬ 
vature  radius. 


Comparison  between  theoretical  and  experi¬ 
mental  values  of  resonance  frequencies  of  SC-cut 
quartz  resonators  vibrating  in  the  vicinity  of 


overtones 
at  5  KHz 


andj  anharm^jnic  modes  of  C-mode  is  made 
(3  and  3  overtone).  Numerical  value 


of  fourth  order  coefficients  is  obtained  from 


experimental  results  of  A.F.  effect. 


1.  Introduction 


Presently,  analytical  calculation  of 
Amplitude-Frequency  effect  (A.F.  effect.)  in  thick¬ 
ness  shear  node  resonators  has  been  made  only  in 
the  case  of  , nqn  1  i near  resonance  irj  rotated  Y-Cut 
Cuortz  plat**  .  Gagnepain  an’  '!  presented  ex- 
per; rental  results  abou*  A-F  be-av^our  of  plano- 
corAox  *'r,-rlly  trapped  resonators  built  from  dou- 
b!  rotated  quartz  crystal  cutt «  Analytical  model 
of  energy  trapped  resonators  are  presented..,  but 
only  in  the  case  of  single  rotated  cuts  .  A 
SC-Cut  Quartz  crystal  resonator  has  some  advanta¬ 
ge:  compared  to  AT-Cut  resonators  as  a  weak 
stress  sensitivity.  For  this  cut,  the  three  modes 
A,  H ,  C  are  piezoelectrical Jy  excited. 


In  this  paper,  cnly  the  case  of  the  O-mcde 
of  resonance  will  he  considered.  An  approximation 
will  he  made  by  considering  that  the  resonator 
thickness  it  slowly  changed  with  the  coordinates 
of  the  surface.  Then  mechanical  displacement 
keeps  a  direction  very  close  to  this  one  cf  the 
C-mode  and  electrical  variables  are  only  depen¬ 
ding  on  resonator  thickness.  To  determinate  A.F. 
effect  we  can  describe  the  resonator  by  linear 
equations  with  homogeneous  boundary  conditions. 
The  axis  reference  system  is  chooser  such  as 
mechanical  displacement  of  the  C-mcde  has  just 
two  components  u^  and  u^  different  of  zero.  Dis¬ 
placement  u ^  which  is  pratically  the  B-mode,  is 
obtained  by  considering  that  and  u?  ore  dri¬ 
ving  terms.  The  determination  of  mechanical  dis¬ 
placement  components  and  electrical  potential  ena¬ 
bles  to  calculate  the  A.F.  effect  due  to  4  he 
nonlinear  terms  in  stress  and  electrical  displa¬ 
cement  relations  by  using  a  perturbation  method. 

2.  Mechani  cal _  d  i  sp  1  acemen t. 


Fig.  1 
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Ths  flgurw  1  show*  ths  «xl»  rmfmraccm  sys- 
tao  used.  Systas  (X",,  X",  X“  )  axla  la  lha 

usual  axla  ayataa  obtilnad  from  crystallographic 
axis  after  two  rotation*  (a  •  22*20'  and 
*  m  3**6’)  which  daflna#  tha  SC-Cut  share  X". 
axis  la  tha  noresl  to  tha  plate  surface .  Every 
rechan leal  displacement  vectors  which  are  elgsn- 
vec tors  for  plana  waves  propagating  In  X”,  direc¬ 
tion,  have  defined  components .  In  the  case  of  the 
SC-Cut,  the  C-eode  which  present  a  taro  temperatu¬ 
re  coefficient  of  the  first  order  of  the  resonan¬ 
ce  rrequepcj,  is  corresponding  to  a  displacement 
vector  u  c.  Its  components  are  (0.956, 

-0.241  and  0.166.' .  Because  we  are  copaidsring 
lust  the  quasi  thickness  shear  mode  in  u  ‘'-direc¬ 
tion, 
the 

be  used  advantageously .  The  sngle  »  is  given 
by  the  relation 


n,  the  (X. ,  X  ,  Xj)  axis  syataa  obtained  fro e 
previous  axis*  by  rotation  »  around  X“  ,  can 


tan*1  [u;c  /  u.*c)  -  9*53  ’ 


'2.1.' 


In  this  new  axis  system,  displacement  vec¬ 
tors  cf  the  three  modes  have  the  following  compo¬ 
nents 

u\  =  (0.2402.  0.9663,  0.068? > 

u9.  .  1-0.016”,  -0.06”,  0.99?'. 

u\  «  vC.9”04.  —0.2415,  O' 

ke  car.  see  that  the  B-eode  corresponds  practical¬ 
ly  to  the  displacement  in  the  direction. 

Infinite  thin  plate  vibrating  in  the  C-<w>de 

If  »e  considere  a  thin  plate  vibrating  in 
the  C-eode  which  has  infinite  dimensions  follo¬ 
wing  X,  and  X^  axis  and  a  thickness  equal  to  2h 
•  X^— axis',  the  mechanical  displacement  and  the 
electrical  potential  •  are  only  depending  or.  x^- 
coordinate.  Moreover  the  component  is  null 
for  the  r-rede  in  the  selected  axis  system  -  Fqui- 
Iibrutr  equations  are  written  following  the  form 

-V:  *  :SoJ: ,2:*c:e *2 ,22**25: .22  ic.Z) 

1  .22  :2.3> 

e2s'il,22*e22u2,22'i22:,22  *  ”  ’'2’*; 

The  relation  Z  is  the  Fcissor's  equa¬ 
tion.  fiastic,  dielectric  ard  piezoelectric  cons- 
tar.ts  are  calculated  ir.  the  new  axis  syster  . >'  , 
u,  and  which  are  the  dxspla 

cb~j orerts  cf  the  C^cde  car  te  written 
C 


(2.s; 


with 


By  using  tha  relation  (2.5)  in  aquation 
(2.2.'  -  (2.4),  a  naw  ralation  la  found 


-C  -  C 

sc  J  *  •  \n 


(2. a: 


where  tha  effective  mechanical  coefficient  is 
equal  to 


*  ”66  *  k  :26  *  ”22  *  7  ^5 


C  are  tha  stiffened  elastic  constants 


'-1<  *  C1<  *  (,Zi  *UU  *22 


(2.9; 


(2.10) 


The  boundary  conditions  associated  to  the 
equation  system  (2.2  -  2.4)  are  given  by 

”2'-  V  *  *26a;,2  *  ”22^2,2  *  e22  5 .2  *  3  ;2-U) 
S2;r  V'  *  :26y;,2  *  C22“2,2  *  *22  ;,2  *  3  '2-:2' 
V-:  v  *  :^:>2  -  :26-2t2  *  e26  i>2  *  3  [2-13: 


If  we  suppose  a  sinusoidal  dependence  of 
the  potential  and  the  mechanical  displacement  as 
lexpijvt' ',  the  solutions  of  the  equations  sys¬ 
tems  (2.8,  2.11  -  2.13)  taking  into  account  the 
values  cf  u.  and  u„  i?.5),  leads  to  the  displace¬ 
ment  vector  "u  and  Ihe  resonance  frequencies  , 


=  i  S-n  u  X, 


nr 


and 


:•  o 

w  ‘0 


Flan o-convex  resonator  v ibrat: ir,  the  C-mode 

Calculation  of  the  displacement  components  u.  arc 
u^.  The  resonator  is  represented  on  the  figure  2 . 
f£e  curvature  radius  P  is  large  enough  in  order 
that  the  thickness  2h(x  .  x^'  could  be  considered 
as  slowly  variable  between  the  center  ard  ‘he 
edge  of  the  disk.  Then  the  mechanical  displace¬ 
ment  is  mainly  function  of  the  thickness  arc 
cnly  at  the  second  order  of  the  coordinates 
x.  and  x^  in  the  plate. 

Because  the  small  value  of  the  electrome¬ 
chanical  coup I i rg  ir  Quart  * -crystal .  the  poten¬ 
tial  #  and  the  electrical  di  spl  acener  t  r_  are 
only  depend ir.g  or.  Py  taking  into  account  the 

amplitude  cf  ragnifude  of  the  clastic  coeffi¬ 
cients,  equiiibrue  equation  are  written  for  u. 
and  following  the  forw  : 


'*6  .,22 


"16U 


put 


1-  1*  8  < 


”26u2.22  *  '•45J2.33 


*20.22 


(2.16) 


201 


(2.25) 


"ou2  '  “66u2,ll  +  C22u2,22  +  C44u2 .33  *  C16ul .11 
+  C26u 1 ,22  +  C45ul ,33  +  e22$,22  i2-^7) 

A*  this  system  the  Poisson's  equation 
(2.4)  is  joint.  Both  equations  which  do  not.  take 
into  ac -court,  every  elastic  coefficients,  are  good 
enough  tc  determinate  the  rfchanical  displacement 
in  order  tc  calculate  th«  A.F.  effect.  Moreover, 
the  componer.t  v  is  considered  as  8  correcting 
term,  cf  u  arri  and  it  will  be  calculate  later. 

i',  ard  u,  are  given  by  the  relation  (2.5) 
and  the  *  sun  a  .u,  4  o5ii()  is  calculated  from  re¬ 
lations  (2.16),  ‘(2.1 7J, ‘{2.6)  and  (2.7).  It  can 


lations  (2.16),  ‘( 
be  written  : 


jC  ’  CU  uC .11  ’  r  u<",22  +  C55  u<= 


.22  *  C55  u  .33  <Z'18) 


(Cu  *  2k  C.g  *  k‘cfifi) 


(C55  *  z*  C.c  *  k eCu) 


A  sinusoidal  time  dependence  of  the  mecha¬ 
nical  displacement  uC  follows  the  form  : 

uc  *  Dc  (Xj,  x,)  sin  lx-  exp  (jut)  (2.21 


If  the  curvature  radius  is  large  compare 
to  the  thickness  2h^,  the  thickness  2h(x^,  at 
a  given  poir.t  in  the  plane  (X^,  X^l  has  an 
approximate  value  like  : 


■V- 

in  4h 


2  2 
X1  *  x3 

2  R 


and  the  following  equation  taken  the  place  of  t.he 
relation  (2.18) 


+  C55°J3  *  .V 


xi*  *3  1 

;i*- — -)  o*o 


It  is  similar  than  thig  ^pne  proposed  for 
AT-Cut  j  1 .  rfi-convex  resonator'’  and  u  is  the 
sane  mechanical  di spl acement  1 han  for  the  AT-Cut. 
With  the  homogeneous  boundary  conditions  (2.11)  - 
(2.1 3 j ,  displacement  u  is  written  : 


jw  =  A  exp(  - 
nnip  nmD 


2  .  2 
V:  +  -V3, 


— ~~)Hm(x.  /2  xj 
c  '  j  1  n' 


x  -i^x^  .2  3n)  sin  LXj  (2.24) 

where  H  and  H  are  Hermite's  polynomials  of  order 

''  and  r  '.,t  »’>  a  ^  f  are  c  onai.ant.fr;  such  an 
r  r 


,,  _  n  R  (r/c 

Jn  —  T  177  '*'*'11* 

(8hg  R)  '  1 


O  H  II  i  / r  \ 

'"'SJTP  '',CS5,  (2'“t 

Resonance  frequencies  for  overtones  (m  s  p  =  0 ) 
and  for  anharmonics  (m  and  p  k  0)  of  C-mode  are 
given  by 

Jrmip’ir(:/;;>7  1 + w  br^f (2m  +  v>  (~r)7 
L  >1,1 

^55  ^ 

+  (2p  +  1 )  (-£)  I  (2.27) 


Calculated  and  experimental  values  of  reso¬ 
nance  frequencies  of  a  SC-Cut  resonator  at  5  MHz 
on  fifth  overtone  are  summarized  and  compared  ir. 
the  table  I.  The  curvature  radius  is  equal  to  ISO 
mm  and  the  thickness  at  the  center  is  1.821  mm. 
Table  II  schows  the  results  corresponding  to  a 
SC-Cut  resonator  at  5  MHz  on  third  overtone  ha¬ 
ving  a  curvature  radius  of  300  mm  and  a  thickness 
of  1.092  mm.  Both  resonators  have  a  diameter  of 
15  mm.  The  first  one  has  metallized  electrodes  on 
its  faces  and  the  second  one  is  a  B.V.A.  electro¬ 
deless  resonator.  The  approximate  solution  found 
shows  a  good  agreement  between  theoretical  ard 
measured  values,  mainly  fork  smallest  index  n,  m 
and  p.  For  large  index,  approximations  made  to 
obtain  the  relation  (2.27)  are  less  and  less 
realistic  because  the  vitration  is  localized  at 
the  resonator  center  and  it  depends  stronger  on 
the  coordinates  x^  and  when  m  and  p  are 

increasing. 

The  amplitude  A  can  be  calculated  as  a 
function  of  the  excitation  power  P  applied  to  the 
resonator.  For  quasi  thickness  shear  vibration, 
only  the  dependence  of  u^  and  u^,  versus  has  to 
be  considered  and  by  introducing  the  viscosity 

coefficients  r.  .  of  C. . ,  C-_  and  C_.  ,  the  dissi- 
.  j  ij,  .  pp  dc  c  o 

pated  power  can  be  written 


f 

P  *  4np  [  (”66  *  k  n26)  (ul,2Jt 
V  1 

+  (n22  4-126)  (U2,2)2jclV0  (2.28) 

where  V  is  the  total  resonator  volume, 
o 

In  the  case  of  an  energy  trapped  resona¬ 
tor,  the  amplitude  of  the  mechan'oal  riisplacenen* 
is  very  weak  at  its  edge  and  the  integration  car. 
be  performed  on  x,  and  x._  varying  from  to 

♦  •>.  Ey  using  (2.^4)  (2.5)  and  (2.7)  the  vibra¬ 

tion  amplitude  is  deduced  from  (2.28)  for  the 
overtones  (nno' 


202 


2V3n  V7  P? 

- r 

“noo(:nc  V7 


where  the  effective  viscosity  coefficients  h 
of  the  C-irode  is  giver*  by 

'c  ■  ('66  +  2k>126+k2  "22)'(1+k2)  (2-30) 

u3  displacement  :  As  stated  above,  the  mechanical 
displacement  of  the  B-mode  for  the  SC-Cut  la 
quite  along  the  X3  axis  of  the  used  coordinate 
system.  Thus  the  components  u  must  be  obtained 
from  the  third  equation  of  motion.  In  account  of 
the  orders  of  magnitude  for  the  elastic  coef¬ 
ficients  and  since  the  partial  derivatives  of  u^ 
and  u^  with  respect  to  the  thickness  are  one 
order  of  magnitude  higher  than  those  ones* calcula¬ 
ted  with  respect  to  x^  and  x^,  u^  is  governing  by 
the  following  equation,  wich  couples  together 
with  Uj  ard  u^ 


pbV  CS5U3 , 11  *  C44u3,22  +  C33u3 ,33  +  C46ul ,22 
*  C24u2,22  *  (C13 *  C55)ul,13 * e24J,22 


If  the  driving  frequency  is  very  near  a 
resonant  frequency  of  t.he  C-mode,  u^  is  smaller 
than  uc  and  w r  car.  use  in  (2.31)  the  expression 
of  the  partial  derivatives  of  u  ard  u.  calcula¬ 
ted  from  (2.24)  and  (2.2h)t  which  was  obtained  in 
the  car.**  of  pure  C-rrode .  The  solution  of  this 
equation  is  written  fcl  lowing  the  fom 


which  la  valid  only  for  tha  noo  mode*  and  where 
C?4  and  C4-  ara  atiffanad  elastic  coefficients. 
To  resolve0  tha  aquation  (2.33)  we  expand  the 
function  g  (x^,  x^j  on  tha  set  of  eigeneolutions 
of  the  homogeneous  equation  associated  with 
(2.33),  which  ere 


(5  n  )* 

g.rn  •  -===r  H  (x.  /TT)  Hf/ZTj 

nrq  “ ;  ,  r'  1  n'  q  ft' 

2  2 

0*7  ♦  -  x‘ 

x  exp  -2-1 — ILL.)  (2.34) 


and  the  corresponding  elgenfrequenciea  are 


'  ir  ?h  h  r  T 
nn  '44.  .  1  .  £no,  ...  ,.,''55  ‘ 

“nrq’TT  'T 5  1  *  nJ  (  {Zr  *  > 


**33  71 1 7 

l2qtl)(rii)-  ^  (2. 

l44  J 


r  *  _!in  •  -  =  nn  ,l'44,7 

”n  (8RhJ)J  ^5  ’  n  (8Rh3)^  C33 

9  (2.36) 

and  hy  using  r.reen’s  function  ,  we  obtain 


9(*j.  *3)  * 


/r 


(2.37; 
>.  r  1  r-3 


*  g(Xj,  Xj)  sinLx^  exp(jwt) 


"(T —  .  kr-  UZ  r  CrCq 

_(r46  i?q  ”^2  7  Ji  ) 


Py  substituting  in  (2.31),  employing 
(2.24),  (2.?),  (2.4)  and  (2.22)  (the  thickness  is 
still  slowly  varying!  the  unknown  function  g  must 
satisfy  the  (quation 

2  2  2  2 
9  n  "  C44  xl  +  x3  1 

C559  m*C339  33*  - 7-(1* - -)  3  = 

3  ,3'  4  h„  2R  h  J 

A  ^  0  0 

7l7^[(r^kr24’  L  *^C13*C55 ^an^nXlXj] 

.  X2  +  R  X? 

x  exp(-  — 1 - ^ — — )  (2.33) 


(C13  +  C55^  xn3n  1  ( 


-  ,Vq(xl’  x3}  °r  Qq  3 


t,q  p.( 


“  *  Jjnrq  /r!p' 


Cr  ’  L  Hr<xl  /2  exP(*  “T-^  xl}  axl 


Cq  '  •-»  Hq(x3  '  2  V  eXfJ(‘  “T-2  x3 '  dx3 


3r  ’  X1  Vxr?Tn>*xp(- 


n  ~*n  2 

~~2 —  S'  c,xi 


Qq  ‘  x3 
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In  these  expressions,  as  in  (2.28),  the 
integration  is  performed  for  and  x3  varying 
from  -<»  to  +oo.  oj  are  the  frequency  given  by 

(2.35).  The  driving’C1frequency  is  very  close 
the  noo  mode's  eigenfrequency  (eq.  2.27).  Accor¬ 
ding  to  the  parity  of  the  termite's  polynomials, 
every  integrals  C  and  C  are  null  f<^r  odd 
values  of  r  and  q.rFor  the  %ame  reason  Q  ^  and 
0  are  null  alike  if  r  and  q  are  even.  By  using 
expressions  of  the  Hermite's  polynomials,  we  can 
now  write  (2.37)  as  an  expansion  as  respect  to  x^ 
and  Xg.  For  the  two  first  terms,  the  result  is 


g(x.,x-)»  — n°|-t(g  ♦g1x.+..)exp(- 
1  3  n(l+kZ)J  0  1  1 


(2.40) 


9l“2  ^ c13+c55 )an®n’nnn<l 


and  c  j  are  series  whose  the  first  terms  are 


c*c3 

0  0 

cl0  c3 

0  0 

r^3 
.  IO!  . 

CoC4  C2C2 

C^3 

.  _il£  + 

>* 

o 

o 

2xo2 

2X2o 

8Xo4 

4X22 

’  8X4o 

fM. 

(2.42) 

.  2i2| . 

Qj  of  1 

q|qJ  q|q| 

hi 

2  13 

2X31 

4X33 

8X51 

3' IS 

where  the  following  notation  is  introduced 


rq 


1 

TT 


0  (oo  ”U>  ) 

ov  nrq' 


(2.43) 


The  two  first  terms  was  calculated  for  a 
third  overtones,  5  MHz  resonator  with  the  sizes 
of  the  B.V.,A.  resonator  and  maximal  values  found 
are  -1.5  10  A  at  (x  =  ut  =  0)  for,  the  first 
and  -0.015  Ano^°St  (x  =*r,  ,  X3  =  n  '  for 
the  second  one?  Thus  the  f?rst  term  is11  negligible 
compare  to  the  second  one  and  the  u^  displacement 
can  be  accuratly  given  by 


2A 


noo 


3  n( l+k*)i  132  55  "  n  n  n  1  1  3 
^n*l  +  V3 

xexp( - 2 - sin  lx2  exp(jwt) 


(2.44) 


l  n 

PLM,L  +  PLM,L  +  V*  UM  =  0 


°L,L  +  °L,L  =  0 


(3.1) 

(3.2) 


Fh  and  are  respectively  the  linear 
and  nonlinear  parts  of  the  total  Piola's  tensor 
(mechanical  and  electrical  terms),  d£  ar.d  the 
linear  and  nonlinear  parts  of  material  electric 
displacement.  Theae  quantises  are  expressed  in 
material  coordinates  system  and  p  is  the  spe¬ 
cific  mass.  The  corresponding  boundary  conditions 
are 

Nfp*  wP  1«T  (3. 3 ) 
V  LM  KLMJ  'm 


where  represent  the  components  of  the  unitary 
vector  normal  to  the  surface  and  T  the  applied 
force  per  unit  jjefeijence  area.  By  using  the  per¬ 
turbation  theory  ’  ,  the  difference  between  the 
eigenfrequency  of  they  th  eigensolution  can 
be  obtained  in  the  case  of  linear  problem  and  the 
actual  resonant  frequency  io..  determinated  by 
the  equations  (3.1)  -  (3.3).  By  introducing  the 
normalized  eigenfunctions 


9l  =  ntvt 


(3.4) 


where  ^  is  the  normalizing  factor  so  that 


5vS  -4  >0  <  um  dvb 


(3.5) 


The  integration  ' s  performed  on  the  volume 
Vo  of  the  resonator.  With  the  above  defined  nota¬ 
tions,  the  frequency  variation  is  equal  to 


to 


-  u>  *  Ry/2N(y) 


Y  ~  Y 

with 

Ry  *  f  (TM9M  +  "(A  fY)  dS0 

0  n  y  n  y 

'  {  AM9M,L  +  °L  V  dV0 

0 


(3.6) 


13.7) 


which  is  analogous  to  the  u^  displacement  for  the 
case  of  single-rotated  AT-CutA  . 

_ Arn^l  j  tude-Frequency  effect  in  SC-Cut  Quartz 

If  nonlinear  terms  are  taken  into  account 
in  Maxwel 1-Piola 's  stress  tensor  and  material 
electric  displacement  vector,  the  ^quilibrum  sta¬ 
te  equations  could  be  written  in  general  forms 


In  this  expression,  the  integral  on  the 
surface  of  the  resonator  give:,  the  frequency 
shift  due  to  nonhomogenerus  noi'iniary  conditions. 
If  only  linear  term?  h  ;  .mu  occurs.  1  .e. 

if  is  a  linear  function  of  this  variables,  the 
frequency  perturbation  is  not.  depending  on  the 
vibration  amplitude.  Then,  the  amplitude-  frequen¬ 
cy  effect  is  described  only  by  the  irftgral  on 
the  volume  in  which  nonl  inears  terms  me  !'j* 

appear.  The  relative  variation  between  the  li- 
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near  arid  nonlinear  reaonance  frequencies  Is  given 
by 


•Vn  (PLWflH.L 


Y  *  °l  M>  dV0 


2  N  (Y)  u 


(3.8) 


For  the  SC-Cut  reeonator  vibrating  in  noo- 
mode,  we  ehown  previously  that  the  displacement 
u,  is  smaller  than  u,  and  u?.  Furthermore,  the 
dirlvatives  of  u.  and  u,  with  respect  to  xJ  or  x, 
and  the  electrical  potential  $  is  assumed  a^  ha¬ 
ving  a  thickness  dependence.  Thus,  only  P_.  * 
p",,  Pn,2  “  P  2  ant!  D "o  occur  ln  (3.8).  Irises 
quantities  may  oe  written  as  functions  of  Uj  ^ 
and  4  ,.  Since  the  ratio  k  between  u^  end  u^  is 
smaller  than  unity-in  practice  case-  we  can ‘ne¬ 
glect  terms  of  power  order  for  k  greater  than 
unity.  In  the  coordinates  system  used  here,  all 
material  coefficients  are  none  zero,  from  the 
published  values1’  of  the  third  and  fourth  or¬ 
der  coefficients,  we  have  only  retained  mechani¬ 
cal  terms  as  cubic  terms  in  Pn_  and  P  .. 

2  o 


P2  "[1  C22  *7  C266+k  (C26  +  C226)]  <ul,2* 
+  7(Ve22-2)(*.2)2 
'(^e2.26‘ ke22  +  ke2.22^ul,2  *,2 
7C226  *  5  C2666  +7  k  (C22  + 


C222  +  C266  +  C2266)]  (ul,2)3 


(3.9) 


?6’[!  46*7C666+k<C22  +  C266>]<ul. 


* 7 e22  .6  (t,2)2 


+  (e22  '  e2  66  ”  ke2-26)  U1 ,2  *,2 
*[?  C22  +  ^266  +iC6666  *  7k!3C226  + 


2666 


_  {“1.21“ 


(3.10) 


-,n  1 

'2  =  7 


(e 


22  "  e2  .66  "  k  e2.  26 1  {ul,2} 


e22  .6 


*  k  (e 


22.  2'eo} 


1.2  f  ,2 


+  |  K222  (t,2)2 


(3.11) 


where  we  used  (2.5)  and  (2.7).  In  piezoelectric 
coefficients  the  dot  shares  the  part  of  electri¬ 
cal  (first)  and  the  part  of  mechanical  subs¬ 
cripts.  Since  for  the  unperturbed  problem  we 
consldere  homogeneous  boundary  conditions,  the 
electrical  potential  which  appears  in  the 
above  expressions  is,  from  relation  (2. a),  such 


*.2  ■  X  “1.2 


*26  *  k  *22 


e22 


(3.12) 


(3.13) 


The  mechanical  displacement  is  obtained  from 
(2.?a)  for  noo-modeB 


r  a„Xl  +  Ml 

unoo  *  Asoo  sin  Lx2  exp(-  n~"g  n  ~~)  (3.H) 


By  using  (3.8),  (3.4)  and  (3.5),  the  relative 

frequency  shift  corresponding  to  the  A-F  effect 
is  found 


3  1 


if 

noo 


TT 


T — r 


36  hi  f„---^'CUCrr)7  "7 
o  noo  c  11  6b'  c 


+  7  C666  *  7k  (C22  +  C266> 


*  7  '  (e22  ’  e2. 66  *  7  k  e2. 26' 


3  r 

7  C26 


(3.1b) 


3\ 2  ;  ) 

’  -r(e22.6  +  k(e22.2*eJ'WT  K222J 

3n3  ."7  r 

P? 

rt 

<“1,2>2 

Ir 

2048/2~ -ho7  fj00  ©;nc(CllC55)4 

?C22 

2*2 

*  C266  +7  C6666  *  2  k  (C226  *7  :26665 

P 

i. 

4.  ,4. 

S? 

Jr.  this  expression,  we  car*  sec  -hat  ai  if- 
chror  ism  for  RC-Cut  is  the  sur  of  c-  *  crni  jrop< 
ticna]  to  the  square  root  of  the  ;.j  {  I  ted  pew 
erd  cf  (i  ’err.  prop  ort  i c  nai  to  *h«  pewt ;  .  Jr  ♦ 
case  of  single  rotated  cut  Quart 2  i  rs-oralo:  t 
first-  term  is  nu]  1  because  the  coefficients  wh. 
appear  ir  *his  one  are  null.  vpi-,  eve 

coefficients  of  the  third  order  are  io'  P».owi  .* 
actually,  it  is  not.  pu.-ssit  le  to  calculate  tho 
which  are  used  ir  our  reference  -cyst  er* .  V, 
lues  of  constants  are  the  fo)]owirg 
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C  =  11.533  1010  N/m2 

^  10  2 
=  2.026  10  v  N/m 

2D 

c226=l.l°10  N/m 
10  2 

C,„  =  7.9  10JU  N/ni 

26  10  2 
C  =  3.2  10  U  N/nri 

e®*6=  0.089  C/m2 

=  -0.037  C/m2 

2^  -12 

=  39.779  10  F/m 

and  k  =-0.24? 


In  the  case  of  B.V.A.  resonator,  attenuation  cons¬ 
tants  are  respectively 

,  =  3.1  105  m'2  and  8  =  3.62  10 5  m-2 


Numerically,  the  part  of  the  relation 
(3.16)  proportional  to  the  applied  power  P  has  a 
preponderant  value  for  power  greater  them  100  >^w. 

Fr^g  measurements  performed  whith  such  gs  reso¬ 
nator  having  a  Q  factor  equal  to  2.3  10  and  an 
A-F  effect  of  3.3Hz/mW,  elastic  constants  of  the 
fourth  order  are  calculated  in  an  axis  system  and 
are  equal  to 

SC6666  +!kC26  6  6  ’2'17  ^  ^  (3’16) 


By  taking  into  account  just  plastic  constants  in 
the  term  proportional  to  P^  in  the  relation 
(3.15),  the  frequency  shift  due  to  the  A-F  effect 
can  be  written  for  a  B.V.A.  resonator 

if  =  65  P1/2  +  3300  P  (3.17) 

where  ; f  is  in  Hertz  an  P  in  Watts. 

For  a  weak  power,  smaller  than  100  p  W, 
a  SC-Cut  quartz  resonator  can  present  an  A-F 
effect  nonlinear  in  power  (Fig.  3),  but  as  every 
coefficients  appearing  in  the  relation  (3.15)  are 
not  known,  the  first  term  of  (3.17)  is  only  an 
estimation. 

The  analytical  treatment  used  here  in  the 
case  of  the  C-mode  can  be  extend  to  the  other 
modes  A  and  B.  The  increase  of  the  A-F  effect 
when  the  radius  of  curvature  decrease  i6  due  to 
the  augmentation  of  the  local  density  energy.  The 
fourth  order  elastic  coefficients  of  Quartz  crys¬ 
tal  can  be  reach  be  measuring  the  A-F  effects  for 
resonators  having  different  cristallographic 
orientations  and  by  using  the  theoretical  model 
presented  here. 
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A.  w.  Warner.  R.  Coldfrank  and  ,).  Tsarlas 


Mi  to he l 

l 

•v 

This  is  pro  ha  My  our  la  »t  ;*aper  in  a  series 
of  pipers  on  the  envelopment  of  i  vibration 
resistant  crystal  mi*,  in  ,v\r  t  if*  ul  \r ,  an  SC  cut 
crystal  unit  with  .  magnitude  of  me 

acceleration  seUsit  .  .  ;  i  ••or.  In  previous 
talks,  in  addition  c  -  go  data,  we  have 

discussed  the  fahci«  .,*i  .  .0  measurement  of 

doubly  uriem-d  and  t-:.  ,riented  SC  blanks 
with  special  -v pa  i- i  •;  •  •  i  e  use  of  X-ny  to 
measure  precisely  the  cion  angles,  md  on 


test  methods 

to  do  tern) 

•  »  reasonable  amount 

of  time,  the 

ac cole  rat i 

:  »  •  .  ■  i :  i.-n ;  s  . 

It  may 

be  well 

■  f.-view  briefly  those 

developments 

that  have 

proved  L»  be  most  helpful. 

The  first  figure  slwws  the  angular  tolerances 
necessary  to  maintain  a  reasonable  spread  in 
turn-over  temperature,  both  for  Liu-  SC  angle  ->t 
t  ~  21.93*  and  Fbi’s  nodi  tied  angle  oi 
t  =  23.73°.  Comparing  the  two  angles,  at  i 
nominal  operating  temperature  of  9-»pc,  we  go  from 
an  impossible  +9  seconds  of  arc  to  ,t  difficult 
+3u  seconds,  Kvcn  vit  73UC  operating  tenperatu.ee, 
tii*-  tolerances  ire  +3i'  seconds  and  +1  minute.  In 
addition  to  requiring  a  very  tiat  surface,  some 
sophist  icatod  \-r.iy  orientation  measurements  ire 
railed  for.  Khl  nas  developed  an  X-ray  gonio¬ 
meter  using  the  22.3  plane,  whose  normal  lies  in 
the  X~2  plane  at  3**'  17*  from  X.  (The  AT  cut 
uses  a  similar  plane  whose  normal  is  in  the  Y-Z 
plane).  The  second  figure  shows  the  big  ad¬ 
vantage  in  usi  ig  the  22.1  plane,  that  is,  only 
one  angle  measurement  is  needed  i>  determine 
turn-over  temperature.  The  cricked  line  gives 
tne  combinations  of  l  ami  "  angles  which  will 
produce  the  same  turn-over  temperature.  The  line 
marked  *•  '  is  the  X-ray  reading  whi~h  c«*r responds 
*■•  the  same  turn-over  temperature  tot  various  ; 
uc.gles.  Iti  t h**  area  of  interest  ,  ;  =  22  1  to  2w°, 

1  is  nearly  invariant.  Figure  i  is  a  blow  up  m 
this  region.  1  of  22'  is  shown  lit*  re  .is  b° 
t  l*T'-22'i).  Figure  *  shows  an  arriv  •»!  '  angles 

r  »r  .Mi'ious  f'lrn-uver  temper  iture  r  >r  *ne  cry-til 
unit  design.  A  change  i n  .-rt»ne  u*  couloir 
W'-uM,  of  ''iiirv,  sfiift  the  pattern  slightly  up 
«>r  down. 

A  v.’i1  ’ > n i j  irea  of  nt*  1  - 1  ;il  i-rpr-sveme  it  s  i - 
rl.a*  of  a  •  .e  1  era  ti  on  son  si  t  i  v  i  t  y  met  sur  •*  lent  s  . 
A'j  a" c*  l  era f  i  o-s  co,- f  t  i  c  ien  t  s  appr  >ac  h  1'?**^  ' 
;  •  r  ,,  >‘vi!  ul  ion  ia  a  re.*. •;  lU.ib  l  •_*  time  be.  ones 

ter  .  ‘I  ‘i.  ult.  At  first  v<-  use  a  i  viarit  ion 
l  r  !  •-  i'll  ’•■ice.*  tf  s  id.- n  ini  s  (  ;t*  v-U'-d  ;i  lirj 
I*.  \i*'  ;r  .  ,i  v~,  14  ’Ml.  I  »  •  off*  i  .  i  i  •  n  i  s  so 
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measure;]  repress  n  t.-d  not  >nly  the  acre  I  era  t  i  on 
sensitivity  hut  also  resonance  eftucts,  non- 
l inear  effects,  noise  isolation  from  gauges,  .m: 
drift.  The  equipment  was  expensive  ana  cue  test 
time  was  about  A  hours.  The  alternative  l>  this 
is  the  2g  turn- over  test,  i.e.,  1  ^  up  vs.  ig 
down.  With  tne  crystal  mounted  in  its  oven 

oscillator  and  stabilizeu  for  one  hour,  five 
successive  frequencies  are  measured  at  :>  second 
intervals,  rt— oriented  by  lv*0,  and  live  more 
readings  taken.  By  repeating,  this  procedure 
three  times,  the  Lrue  acceleration  sensitivity 

lor  this  one  orientation  can  usually  he 
ascertained,  even  in  the  presence  ot  drift  and 

noise.  Both  iu  ->y  and  di  fticult  measurements  are 
shown  in  i'igwr.  3.  J:  .mu  a  suru.non  t  s  at*,  liken  at 
three  mulu.il  ly  pe  r  pend  i  u  \  a  r  direct;  >ns,  tue 
worst  case  ved*T  can  he  ca  1  u  la  ten . 

A  third  useful  development  is  tue  use  < 

triangular  shaped  gold  strip  lor  tin-r.no- 

comprussion  bonding,  i  method  li.in.seu  by  ester.; 
Kiev  trie.  The  ribbon  Is  shown  in  figure  h.  In*- 
use  >i  ,i  gold  to  gold  bond  cm  lower  oot  a  *  u- 
pressure  and  temperature  necessary  to  we  Id  .  ,d  a 
smaller,  better  defined  spot  can  usually  be 

obtained.  The  triaigul  »r  shape  pro. .des  a 

cleaning  action  as  t'  ’old  movt ■  -  »jt  tr-m  tn- 
ipe x  during  o;inprv'o  Both  'tuca;  and 

Vertir.il  stripes  }  i  .-,:i  Used.  f  lt  lib*  7  uoo 

a  completed  bond  .me  '‘'cure  «  -;tiews  the  Lypic.il 
puli-ott  [vitteriis  when  tested  to  dc  s ..  rue  t  i  ■  -  , 

Crystal  in  i  t  s  using  t>-  *  t :  i  the  ..old  sir*  at 

tinbons,  and  the  :.»,»ru  conventional  alumiium  4,}d 
ribbons  .,ave  been  made  i^ing  hot  a  the  : 

angle  and  the  2  1.73*  an, ,U.  We  have  observed 
that  tne  magnitude  of  tue  a  a.  el  e  r  1 1  ion  -..•■Im'  i- 
vity  vector  t  »r  the  svu  ces-^i  a.  designs  *ere  vn  • 

wtiat  better  whoi  the  ..  i.  7  angle  w t  •  is.  u  1 

reasons  tor  Pus  are  not  vi-nr,  hut  no 

an  experiment  asj  ),  an  eve;  ,  ir„i-r  ;  m  i>  .  ^ 

group  or  I  7  tryst  1 1  toils  were  mac.  -  u-.  .  1  ^  v 

i  id  vt  r  l  l :  a  1  gold  c r.  r  i  ( -e  r  l  »:->as  ,  s« ,  -d ■  *  c  t 

poiits  '  a;»art.  Tnrec  >bv  i  ms  .  ;.■!•.-•  l  • 

in;  ts  were  r  r.  i.’ed  '  r  -m  tne  s.  rie-*,  n  J  '..i-  .  « 

r  i.iin;  ’j;  h  ui  r.  u-n  i  tu«ie  s  t  fu  i-  *  •  i;  ; 
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The  group  of  14  cryetel  unit*  le  too  email 
to  be  significant,  but  nevertheless,  teete  were 
made  to  aaeeea  the  penalty  of  ualng  a  $  angle  of 
3°  from  optimum  for  stress  compensation, 
figure  9  shows  the  effect  of  a  thermal  gradient 
of  0.75’C  per  minute,  on  frequency  at  the  three 
jangles  used.  There  Is  definitely  a  penalty  in 
using  the  25°  angle.  Figure  10  shows  frequency 
vs.  amplitude  of  vibration  (crystal  current), 
figure  11  shows  the  Inflection  temperature,  where 
the  advantage  lies  with  the  larger  angle.  The 
Impedance  of  a  25“  <p  is  20X  higher  than  for  a 
21.95  $,  making  adjustment  to  frequency  more 
difficult. 


We  have  performed  cutting  experiments  on 
pre-angled  bars,  where  the  $  angle  la  built  In. 
This  permits  AT  type  cutting  of  blanks.  The 
spread  of  angles  was  only  +1.5',  Cutting  at  a 
double  angle  la  3  times  worse  where  the  saw  blade 
enters  at  an  edge. 

In  conclusion,  I  would  1 1  Ke  to  point  out 
that  with  single  angle  X-ray  techniques,  pre- 
angled  bars,  and  If  frequency  adjustment  Is  done 
at  a  temperature  near  turn-over  temperature,  then 
the  manufacture  of  the  vastly  superior  SC  cut  ts 
really  comparable  to  that  of  the  AT  cut. 


n~n 


Figure  1.  Angular  Tsrget  Window 
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Figure  8.  Pull  Off  Patterns  for  Vertical  Thermocompression 
Bonds 


Figure  9.  Thermal  Gradient 
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Figure  11.  Temperature 
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Abstract 

v 

The  acceleration-sensitivity  of  AT-cut  reso¬ 
nators  has  a  marked  dependance  on  blank  curva¬ 
ture.  As  the  plate  contour  becomes  flatter,  the 
acceleration  sensitivity  coefficient  decreases 
approximately  linearly  with  diopter  value.  Four 
types  of  AT-cut  resonators  were  studied:  5  MHz 
fundamental  mode,  5  MHz  third-overtone,  10  MHz 
third-overtone,  and  20  MHz  fundamental  mode. 
Biconvex  units  of  a  given  contour  have  been  found 
not  to  have  a  substantially  lower  acceleration 
sensitivity  than  plano-convex  units  of  the  same 
contour. 

No  relationship  has  been  observed  between 
blank  curvature  and  acceleration  sensitivity  for 
SC-cut  resonators.  A  large  number  of  fundamental 
mode  and  third  overtone  AT  and  SC-cut  designs  have 
been  evaluated.  To  date,  the  acceleration  sensi¬ 
tivities  of  the  best  AT-cut  designs  are  no  worse 
than  that  of  the  best  SC-cut  designs. 

Key  words :  Quartz,  quartz  crystal,  quartz 
resonator,  quartz  oscillator,  crystal  oscillator, 
SC-cut,  AT-cut,  acceleration,  vibration,  phase 
noise,  frequency  control. 

Introduction 


As  evidenced  by  the  large  number  of  papers 
presented  in  recent  years  on  the  acceleration 
sensitivity  of  frequency  standards1'19,  there  is 
considerable  interest  in  this  subject.  The  state 
of  the  art  is  such  that  currently  available 
devices  cannot  provide  the  degreee  of  spectral 
purity  required  by  some  modern  communications, 
navigation  and  radar  systems.  0,21  Some  precision 
timing  applications  also  require  immunity  from  the 
frequency  offset  effects  of  acceleration.11,19 

As  part  of  a  development  program  on  high 
precision  ceramic  flatpack  enclosed  quartz  crystal 
resonators,  both  SC-cut  and  AT-cut,  the  effects  of 
blank  geometry  on  various  resonator  performance 
parameters  have  been  investigated.  The  effects  of 
blank  contour  on  some  resonator  parameters  have 
been  reported  previously. 22-25  In  this  paper,  the 
effect  of  blank  contour  on  the  acceleration  sensi¬ 
tivity  is  reported. 


Resonator  Configuration 

The  experiments  were  performed  on  resonators 
enclosed  in  ceramic  flatpacks.  The  details  of  the 
fabrication  of  spcjt  resonators  have  been  reported 
previously.15*  26-33  The  enclosures  are  available 
in  two  sizes.  The  larger  of  the  two  is  used  to 
house  the  5  MHz  and  10  MHz  resonators  described 
below.  The  smaller  package  is  used  for  the  20  MHz 
fundamental  mode  devices. 

The  5  MHz  and  10  MHz  quartz  blanks  were  14  mn 
diameter,  and  were  bonded  to  four  1.5  nm  wide 
molybdenum  ribbon  "L“  clips  with  silver  filled 
polyimide  adhesive.32  Two  clip  heights,  0.7  mm 
and  1.1  mm,  and  two  clip  thicknesses,  25  pm  and  18 
pm,  were  investigated.  The  clips  were  spaced  90° 
apart  on  the  perimeter  of  the  blank,  two  on  the 
XX'  axis  and  two  on  the  ZZ '  axis. 

The  20  MHz  quartz  blanks  were  6.4  nm  diame¬ 
ter.  The  dimensions  of  the  clips  were  0.75  mm 
wide  x  0.7  mm  high  x  25  pm  thick.  The  clips  were 
spaced  90°  apart,  45°  from  the  IV  axis. 

Acceleration  Sensitivity  Measurement  System 


The  resonators  were  connected  to  appropriate 
oscillator  circuits  and  the  acceleration  sensi¬ 
tivities  were  determined  from  the  response  of  the 
oscillators  to  sinusoidal  vibration.11  The  use  of 
this  technique  minimizes  temperature  stability 
requirements  and  allows  a  search  for  mechanical 
resonances  in  the  resonator  mounting  structure. 
The  oscillators  were  potted  in  beeswax  to  elimi¬ 
nate  contributions  to  the  acceleration  sensitivity 
from  relative  motions  of  oscillator  components. 
The  sidebands  which  appear  are  caused  by  frequency 
modulation  of  the  resonator  operating  frequency 
(known  as  the  carrier).  The  relative  magnitude  of 
the  power  in  the  first  sideband  to  the  power  in 

ic  Ku  ^  i  t  rol  >1 


the  carrier  is  denoted  by  <S£* 
to  the  acceleration  sensitivity,  v 
nator  by 

y, 

V 

aF„ 


2f <7 
10  ' 


is  related 
of  the  reso- 

(1) 


where : 


of 


=  vibration  frequency  in  Hz 
=  resonator  operating  frequency  in  Hz 
=  acceleration  level  in  g's 
=  sideband/carrier  ratio  in  decibels 


The  value  of  y 
vibration  frequencies 


was  determined  for  several 
in  order  to  be  certain  tha* 
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»•<  •><!.•>!  :<il  resonances  vi  the  oscillator  or  reso¬ 
nator  are  absent. 


The  acceleration  sensitivity  ha;  been  shown 
to  nave  the  properties  of  a  vector”,  i.e.,  it  has 
na  in i tnde  and  direction.  The  magnitude  is  oh- 
t  lined  by  measuring  the  acceleration  sensitivity 
in  three  mot  jal ly  perpendicular  directions,  and 
ta-inq  the  square  root,  of  the  son  of  the  squares 
if  tne  three  measured  values.  The  units  are  frac¬ 
tional  frequency  deviation  per  g,  «*nere  g  is  the 
magnitude  of  the  earth's  gravi tational  accelera- 
1 1 on  at  sea  1 evel . 

The  fact  that  the  magnitude  of  the  vector, 

,  is  reported  below  is  very  important,  espe¬ 
cially  when  comparisons  are  made  with  previously 
reported  results.  Some  nave,  in  the  past, 
reported  along  one  arbitrary  direction,  for 

example,  along  a  major  axis  of  the  enclosure.  The 
selected  axis  is  usually,  but  not  always,  the 
worst  of  the  three  major  axes  of  the  enclosure. 
Such  an  arbitrar.ly  selected  axis  is  not,  in 
general,  the  worst  case  condition  for  a  given 
resonator.  The  value  reported  by  us  is  the  worst 
case  acceleration  sensitivity  for  each  unit. 

Results 

Acceleration  sensitivity  as  a  function  of 
contour  nas  been  investigated  for:  1.  S  MHz 

fundamental  mode  AT-cut  resonators,  2.  5  MHz  3rd 

overtone  AT-cut  resonators,  3.  Id  MHz  3rd  over¬ 
tone  AT-cut  resonators,  and  4.  5  MHz  fundamental 

mode  SC-cut  resonators.  For  tne  20  MHz  AT-cut 
units,  only  plano-plano  blank  geometry  Was 
studied. 

b  MHz  Fundamental  Made  AT-cut  Resonators 

The  results  for  the  5  MHz,  fundamental  mode 
AT-cut  resonators  are  shown  in  Figure  1.  These 
results  are  an  extension  of  the  data  presented 
last  year.1”  The  resonators  were  mounted  on 
0.7  inn  x  25  pm  x  1,5  mm  clips.  The  horizontal 
axis  in  Figure  1  is  the  contour  in  units  of 
diopter.  Biconvex  geometry  was  chosen  for  all  of 
the  low  contour  units  to  ensure  that  the  Q's  would 
be  sufficient  for  proper  oscillator  operation. 
The  minimum  value  of  the  acceleration  sensitivity 
measured  was  5.7  x  10'^/g  for  a  1.37  diopter, 
biconvex  design.  This  is  a  factor  of  22  improve¬ 
ment  over  the  2.87  diopter,  plano-convex  design. 
As  a  reference  point,  the  commonly  quoted  value 
for  the  acceleration  sensitivity  of  AT-cut  quartz 
resonators  and  the  specification  for  the  best 
commercial ly  available  "off-the-shelf"  oscillator 
IS  2  x  10'Vg. 

b  MHz  3rd  Overtone  AT-cut  Resonators 

Tne  5  MHz  3rd  overtone  AT-cut  units  displayed 
a  similar  dependence  on  contour.  Several  dozen  of 
fhese  devices  were  fabricated,  some  with  plano¬ 
convex  designs  and  some  with  biconvex  designs. 
The  results  for  these  units  are  given  in  Figure 
2.  In  spite  of  the  large  scatter  at  each  contour 
value,  it  appears  that  there  is  a  dependence  of 
the  acceleration  sensitivity  on  contour.  The 


minimum  sensitivity  measured  was  3.8  x  1 j“  J/j  fur 
a  2.0  diopter,  Diconvex  unit.  The  solid  line  is  a 
least-squares  fit  to  a  quadratic  function  if  tne 

average  acceleration  sensitivity  at  earh  contour. 
No  physical  significance  is  attributed  to  tne 
function  selected.  The  fact  that  the  curve 

:ross':  ,  zero  at  zero  contour  is  wishful  thi'uing 
on  the  part  ot  the  authors.  Tne  equation  of  the 
C  ; ' v  e  is: 

7  <  liJl0/g  -  0.35  :)2  -  1.9  P  (2; 

Three  different  clip  dimensions  are  included 
in  Figure  2,  as  follows:  1.  0,1  nn  x  25  pm  ;  1.5 

mm  ("short");  2.  1.1  nn  <  25  pm  x  1.5  mm 

("normal");  and  3.  1.1  mm  x  18  p-  >  1.5  nv.i 

("thin").  There  was  no  discernable  differences 
among  the  (limited  number  of)  "short"  and  "  t  n  i  o 
clips  and  the  "normal"  clips. 

10  MHz  3rd  Overtone  AT-cut  Resonators 

The  most  convincing  evidence  for  the  contour 
dependence  hypothesis  was  obtained  from  the  re¬ 
sults  for  the  10  MHz  3rd  overtone  AT-cut  units. 
In  all,  82  resonators  were  measured.  The  results 
are  shown  in  Figure  3.  As  in  the  previous  figure, 
both  biconvex  and  plano-convex  units  are  shown. 
Tne  three  clip  structures,  "normal",  "short",  ana 
"thin",  made  no  discern  able  difference  and  are 
omitted  for  clarity.  The  ^.oothness  of  the  tran¬ 
sition  from  plano-convex  to  biconvex  suggests  that 
the  contour  dependence  is  a  function  of  the  con¬ 
tour  only  and  not  of  the  symmetry  of  the  blank 
geometry.  The  lowest  acceleration  sensitivity 
obtained  to  date  for  these  10  MHz  devices  is 
3.2  x  10“10/g.  The  solid  curve  is  again  a 
quadratic  function  that  was  arbitrarily  chosen  to 
cross  zero  at  zero  contour.  The  equation  of  the 
curve  is 

7  x  1010/g  =  3.3  D2  v  11.0  { 3 J 

Acceleration  Sensitivity  Vector  Direction 

The  behavior  of  the  direction  of  the  accel¬ 
eration  sensitivity  vector  as  a  function  of 
contour  for  AT-cut  resonators  shows  that  the 
magnitude  of  the  component  in  the  plane  of  tne 
blank  does  not  vary  systematically  with  contour. 
All  of  the  systematic  variation  is  in  the  com¬ 
ponent  normal  to  the  crystal  blank. 

20  MHz  Fundamental  Mode  AT-Cut  Resonators 

The  only  plano-plano  devices  available  for 
comparison,  to  date,  were  nominally  plano-plano, 
20  MHz  fundamental  mode  units.  These  were  of  the 
highly  shock  resistant  type  which  have  been  des¬ 
cribed  previously.  The  minimum  acceleration 

sensitivity  for  this  group  of  devices  was 
2.4  x  10"I77g  although  80t  of  the  units  tested  tia  i 
an  acceleration  sensitivity  of  8  to  9  x  10"  ,g. 

The  blanks  used  in  these  units  had  been  lapped 
"flat"  with  a  1  pm  aluminium  oxide  abrasive,  then 
etched  to  frequency.  Such  a  surface  finishing 
process  generally  results  in  blanks  that  are 
slightly  biconvex,  however,  the  blank  curvatures 
were  not  measured.  These  resonators  were  intended 


for  a  TCXO  application  and  were  not  designed  for 
minimum  vibration  sensitivity.  The  clips,  for 
example,  were  designed  to  withstand  a  20,000  g 
shock. 

5  MHz  Fundamental  htode  SC-cut  Resonators 

The  contour  dependence  experiment  was  re¬ 
peated  for  5  MHz  fundamental  mode  SC-cut  resona¬ 
tors.  Two  clip  sizes  were  used,  ''normal"  and 
"short".  In  addition,  since  an  SC-cut  blank  is 
Inherently  asymmetrical  In  the  thickness  direc¬ 
tion,  the  effect  of  the  side  that  Is  contoured  was 
also  Investigated.  (One  face  of  an  SC-blank  de¬ 
velops  a  positive  charge  upon  compression,  the 
other  face  develops  a  negative  charge.  In  con¬ 
trast,  a  true  AT-cut  blank  does  not  develop  a 
charge  on  either  face  upon  compression.)  For  some 
of  the  units  the  positive  on  compression  side  was 
contoured,  and  for  some  of  the  units  the  negative 
on  compression  side  was  contoured.  The  results  are 
shown  In  Fig  4.  There  was  no  observable  depen¬ 
dence  of  j  * |  on  either  the  contour  or  the  side 
that  was  contoured. 

Q  and  Activity  Dip  Incidence  vs.  Contour 

The  process  of  using  a  large  radius  of  cur¬ 
vature  contour  for  reducing  the  acceleration  sen¬ 
sitivity  of  AT-cut  resonators  is  useful  only  if  it 
does  not  degrade  other  Important  resonator  para¬ 
meters.  Two  important  parameters  are  the  Q  and 
the  incidence  of  activity  dips.  For  10  MHz  3rd 
overtone  units,  for  example,  maximum  Q's  in  excess 
of  1  million  were  measured  for  all  diopter  values 
between  0.5  diopter  (biconvex)  and  2.0  diopter 
(plano-convex),  with  the  spread  of  values  being 
comparable  over  the  entire  range.  No  systematic 
dependence  of  activity  dip  incidence  on  contour 
was  observed. 

Conclusions 

Previous  discussions  on  improving  accelera¬ 
tion  sensitivity  were  basest  upon  the  symmetry  of 
the  mounting  structure,  and  on  precise  loca¬ 

tion  of  the  mounting  points. The  mounting 
structure  used  for  the  above  experiments,  being 
only  on  one  side  of  the  blank,  is  quite  asym¬ 
metrical.  Even  so,  an  acceleration  sensitivity  of 
3.2  x  10_lu/g  has  been  observed,  which  is  compar¬ 
able  to  the  best  SC-cut  performance  reported  pre¬ 
viously.  The  mounting  orientation's  average 
deviation  from  XX'/ZZ'  for  the  10  MHz  resonators 
was  1.8°;  the  deviations  ranged  from  0°  to  15°. 
No  correlation  was  observed  between  acceleration 
sensitivity  and  the  actual  mounting  orientations 
even  at  the  lower  diopters,  where  the  normal -to- 
the-blank  component  of  the  acceleration  sensitiv¬ 
ity  vector  was  not  dominant. 

According  to  the  above  described  results,  a 
substantial  improvement  in  the  acceleration  sen¬ 
sitivity  of  AT-cut  resonators  can  be  achieved  by 
selecting  the  blank  contour  to  be  as  flat  as  pos¬ 
sible. 

Although  blank  contour  has  now  been  iden¬ 
tified  as  a  significant  parameter  that  can  be  used 


to  reduce  the  acceleration  sensitivity  of  AT-cut 
resonators,  the  parameter(s)  that  cause  the  scat¬ 
ter  among  otherwise  “Identical"  units  is  yet  to  be 
identi fled. 
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"ATOMIC  CLOCKS" 

ihlyilk  uF  \n  inhibit  ai  ihe  'MMHSONian 


i  \t  u  •  For  "l.in 

S”. :  th^on  i  a a  1  i\rs  t  i  t  is  t  J.  on 
Washington,  D.C.  20560 


Or ient at  ion 
Nil 

La  rly  in  December  of  this  voir  t : .  <_•  Smith¬ 
sonian's  Nat  ion. il  Museum  of  American  History  (i\a  - 
tnerl\ .  .  .of  Historv  ami  Technology)  will  open  an  ex¬ 
hibit  on  the  historical  development  of  atomic  fre¬ 
quency  and  time  standards.  "Atomic  Clocks"  will 
occupy  about  1 00m-  behind  the  exhibit  "Atom  Slash¬ 
ers... Fifty  Years."  Intended  as  a  long-term  tem¬ 
porary  exhibit,  "Atomic  Clocks"  will  remain  for 
several  years. 

The  idea,  conceptual  structure,  and.  col  too- 
lion  of  objects  and  illustrations  for  tills  exhibit 
is  hie  chiefly  to  Dr.  Geiger,  who  worked  on  this 
pt  it..  t  for  more  than  two  years  fr-m  1979  through 
1981.  It  was  given  that  the  exhibit  would  he  his¬ 
torical,  fur  that  is  character ist ic  of  this  museum, 
in  presenting  the  historv  oi  science  and  technolo¬ 
gy  ,  rather  than  current  science  and  t  !•"*•■  1  ogy  ,  we 
.*re  able  to  engage  and  inform  :i  >t  r.creiv  the  lav 
vis.ur  but  also  the  scientist  and  engineer,  and 
most  e: fee tivelv  those  most  know] edeeuh j o  about 
the  fie’.  1  i  n  ques  t  ion  . 

The  viewer  is  introduced  in  the  tirst  section 
of  the  exhibit  to  the  concept  of  a  lime  standard 
and  to  measures  of  the  goodness  of  clocks.  The 
second  section  traces  microwave  technique  through 
World  War  II  to  the  first  atomii  clock,  the  NBS 
ammonia  absorption  device.  There  follow  three 
sections  dealing  respectively  with  atomic  beam 
clocks,  optically  pumped  vapor  cell  clocks,  and 
masers.  In  each  of  these  three  cases  ve  seek  to 
sb.  *  how  ideas  in  the  minds  of  physicists  engaged 
in  basic  research  became  commercially  manufacture-:! 
instruments  offered  for  sale  off  the  shelf.  In  the 
sixth  and  final  section,  ievoted  t  -  applications 
of  atomic  clocks,  we  will  seek  to  bring  the  exhibit 
up  to  date. 

Lxhih  i  t_iy_n 

1.  Goodness  of  Clocks  and  Standard:.  •  :  Tim*. 


Having  defined  the  figures  of  merit  "a  cur.n  v" 
and  "stabil  itv,"wh*ch  throughout  th*  exhibit  we  vist¬ 
as  the  measures  o>  the  goodness  o f  clocks,  we  turn 
to  the  notion  of  a  time  standard.  A  19th  cent  ay 
transit  instrument  from  Yassnr  (ollece  Ahsrwiturv 
.■’"ho  1  iz.es  r h-  fact  th.l  t  :  e;a-;ri-  .  :  -m* 

*  ■  r  •  .  i  •  t  •  I  ,t «  ; 


watch  are  presented  as  eminently  useful  for  divid¬ 
ing  the  day,  but  by  their  nature  u:  suitable  as 
standards — universal,  independent  of  past  history, 
and  largely  independent  of  present  conditions. 

James  dork  Maxwell's  Treat i se  on  Electricity  and 
Magnet  ism  (1873)  is  open  to  that  passage  where, 
with  sardonic  wit,  he  suggests  that  the  wavelength 
of  a  spectral  line,  unlike  the  definition  of  the 
meter,  "would  be  independent  of  any  changes  in 
the  dimensions  of  the  earth  and  should  he  adopted 
hv  those  who  expect  their  writings  to  be  more  per¬ 
manent  than  that  body."  In  the  second  edition  of 
t he i r  K lemon ts  of  Natural  Philosophy  (1879)  Wm . 
Thomson  (Lord  Kelvin)  and  P.G.  Talt  went  further 
to  suggest  that  the  vibrations  of  sodium  or  hydro¬ 
gen  atoms  would  provide  an  absolute  standard  of 
time.  But  h  v  to  want'  them? 

2 ,  Mi  -  r  -waves  r.  i  t  h.  r  i  t  -_t  -\t  -  i  ■  ’  . 

We  q  <  1 1  *  k  1  •.  tract  the  Jew  \  o; -vent  ot  mi<  i  - 
waves  from  laboratory  curiosity  to  laboratory 
technology  between  the  early  1930s  ana  the  mid- 
1940s.  The  first  of  these  termini  is  represented 
by  a  magnetostatic  oscillator  tube  constructed  by 
C.F.  C lee ton  as  a  graduate  student  of  N.H.  Wi 1 1  inns 
at  the  i-niversity  of  Michigan  in  1933.  With,  it 
Cleeton  produced  microwaves  in  the  centimeter 
range  and  observed  the  inversion  transit  ion  of 
the  ammonia  molecule.  A  couple  klystrons,  vin¬ 
tage  1945,  stand  for  the  transformation  of  every 
aspect  of  the  production  and  manipulation  of 
microwaves  which  occurred  durir..*  the  Second  W^riJ 
War.  Finally  the  time  was  ripe  for  proposals  by 
R.V.  Pound,  Wm.  V.  Smith,  and  others  for 
"Frequency  Stabilization  ol  Microwave  Oscillators 
bv  Spectrum  Lines." 

These  advances  led  the  National  Bureau  oi 
Standards  to  launch  a  program  to  develop  atomic 
clocks.  Their  efforts  focused  first  upon  the 
most  direct  approach,  locking  a  quartz  oscillator 
to  the  inversion  transition  absorption  lire  of 
ammonia.  Karlv  in  1  949  th*.  NBS  announced  sue*  css. 
But  with  a  stabilit\  of  or.  I'-  if)-'*'  the  ammonia 
absorption  clock  was  a  disappointment. 

1.  Atomic  Beams:  The  Most  Accurate  Clock 


The  \it-w.r  i  Jed  oi  1  ;  ,  A-  c-  T  ^c 
•  >  .  ’  •  »  u.  * t  ■—  i  .  t 


'i-i  l  ill.  «wi  .  i  ■.  t  ’  •  :  :  •  r  :  i  ' 
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Dunoyer's  demonstration  of  sodium  beams  in  1911, 
to  Stern  and  Gerlach's  experiment  in  the  early 
1920s,  and  then  to  the  "Molecular  Beam  Resonance 
Method"  of  Rabi  &  Co.  in  the  late  1930s.  The  final 
step,  Ramsey* s  "New  Molecular  Beam  Resonance 
Method, "  is  represented  also  by  a  pair  of  separa¬ 
ted  field  coils,  circa  1949,  among  the  earliest 
used  by  Ramsey. 

It  was  another  former  member  of  Rabi's 
pre-war  group  who  put  together  the  first  atomic- 
beam  clock,  and — what  was  of  considerably  greater 
significance — put  it  together  as  a  prototype  for 
a  manufactured  device.  Jerrold  Zacharias  first 
persuaded  his  graduate  students  at  MIT  to  the 
project,  and  then,  when  at  the  end  of  1954  their 
device  began  to  work,  persuaded  the  National  Com¬ 
pany  in  Malden,  Mass,  to  undertake  engineering  de¬ 
velopment  and  marketing.  The  exhibit  includes 
Che  MIT  prototype,  the  National  prototype  (1955), 
and  the  National  Company's  "Atomichron,"  NC  1001, 
serial  number  101  (i.e.,  nr  1),  the  first  atomic 
clock  to  come  off  a  "production  line."  The  Atorai- 
chron's  specified  stability  was  10*“^,  but  under 
laboratory  conditions  10“^.  Its  price  tag  read 
30k,  which,  as  they  were  1956  dollars,  is  ten  times 
what,  say,  an  HP-5061A  costs  today. 

Needless  to  say,  the  latter  sum  is  still 
significant  We  are  therefore  much  indebted  to 
the  Hewlett-Packard  Foundation  for  contributing  an 
operable  506 1A  to  our  exhibit.  We  look  to  the 
Naval  Observatory  to  set  it  accurately  for  us. 

Having  distinguished  atomic-beam  clocks  as 
the  most  accurate,  we  conclude  the  section  of  the 
exhibit  devoted  to  them  with  a  photographic  review 
of  cesium-beam  atomic  clocks  as  national  and  inter¬ 
national  time  standards.  We  range  from  NPL  Cs  I 
flanked  by  Essen  and  Parry  in  the  Teddington  Labo¬ 
ratory  (1955),  through  the  several  NBS  cesium 
clocks,  to  the  PTB  Cs  1  and  the  NRC  Cs  VI  standards. 

4.  "Pumped"  Atoms ;  The  Smallest  and  Cheapest 
Atomic  Clock 

The  "Atomichron"  did  not  persuade  everyone 
that  cesium  beams  were  the  wave  of  the  future. 
Although  it  workeu  impressively  well,  it  was 
frightfully  expensive,  and  seemed  to  hold  little 
promise  of  being  made  compact,  light,  sturdy,  and 
simple  to  operate.  By  contrast,  the  approach  rep¬ 
resented  by  the  original  NBS  ammonia  clock-^the 
absorption  of  microwaves  in  a  gas  or  vapor  cell — 
promised  all  these  characteristics,  and  relative 
cheapness  as  well,  if  only  it  could  be  made  to 
work  well.  But  to  get  an  absorption  line  out  of 
a  vapor  cell  that  was  strong  enough  and  narrow 
enough  to  lock  onto,  new  ideas  were  needed:  optical 
pumping,  collision  narrowing,  and  optical  detection 
of  microwave  resonance.  Once  again  we  resort  to 
original  publications  (of  Kastler,  Dicke,  Bitter, 
Dehmelt),  photographs  and  illustrations  to  intro¬ 
duce  these  ideas. 

In  1954  Robert  Dicke,  well  aware  of  these 
ideas  and  their  hearing  on  this  problem,  launched 
a  program  to  develop  an  atomic  frequency  standard 
based  upon  microwave  absorption  in  an  alkali-vapor 


cell — but  now,  with  optical  pumping,  detecting 
microwave  emission .  This  work,  in  collaboration 
with  Thomas  Carver,  is  represented  by  the  heart  of 
their  apparatus,  a  silver-plated  micro-wave  cavity, 
slotted  to  admit  the  pumping  light. 

The  last  trick  needed  to  make  the  vapor  cell 
work  was  discovered  by  Hans  Dehmelt  late  in  1956. 

We  display  the  pretty  little  bulb  in  which  he 
found  that  microwave  resonance  caused  a  marked 
drop  in  the  intensity  of  the  pumping  light  trans¬ 
mitted  through  the  vapor.  Nothing  could  be 
simpler. 

Several  different  laboratories  followed  up 
this  observation,  even  to  the  point  of  a  commer¬ 
cial  product.  In  our  exhibit,  however,  we  tell 
only  the  story  of  research  and  development  at 
Varian  Associates,  to  whom  Dehmelt  had  assigned 
his  patent.  The  notebooks  of  Earle  Bell  and 
Arnold  Bloom  record  the  crucial  steps  toward  their 
"Atomic  Stabilized  Frequency  Source."  The  exhibit 
includes  a  preproduction  prototype  (1960)  and  an 
early  production  model  (1961)  of  Varian’s  V-4700A 
rubidium  vapor  frequency  standard.  A  Tracor  Model 
30* D  is  exploded  and  sectioned  so  that  the  visitor 
can  get  some  "insight"  into  these  devices,  and  an 
early  Efratom  standard  points  the  way  toward 
miniaturization. 

5.  The  Maser :  The  Most  Stable  Clock. 

Once  more  we  return  to  the  early  1950s,  for 
there  too  are  the  origins  of  the  third  principal 
type  of  atomic  clock,  the  maser.  First  conceived 
by  Charles  Townes  on  a  park  bench  in  Washington  on 
a  spring  piorning  in  1951,  it  was  three  years  before 
he  and  his  students  had  one  working,  and  nearly 
four  before  Columbia  called  a  news  conference.  By 
then — January  1955 — a  second  maser  had  been  con¬ 
structed  and  with  it  their  relative  stability  de¬ 
termined  (10*^).  We  exhibit  a  composite  apparatus, 
including  ammonia  source,  state-selector,  and 
microwave  cavity,  assembled  from  relics  donated 
by  Townes  in  years  past  to  the  Smithsonian  and  to 
the  Franklin  Institute. 

The  ammonia  maser  demonstrated  brilliantly 
the  principle  of  amplification  by  stimulated 
emission.  But  it  had  its  problems — practical 
ones,  such  as  pumping  all  that  ammonia,  and  theo¬ 
retical  ones,  such  as  the  doppler  shift  and  short 
residence  time  of  the  ammonia  molecules  in  the 
microwave  cavity.  Both  Ramsey  and  Zacharias, 
anticipating  that  an  atomic-beam  maser  would  give 
a  10^  improvement,  spent  years  on  the  problem 
before  Ramsey  and  Kleppnef  found  the  answer  in 
ntomiz  hydrogen  and  a  paraffin-lined  storage  bulb 
(I960).  In  1979,  starting  from  a  pile  of  junk  in 
a  corner  of  Ramsey's  laboratory,  all  the  main  com¬ 
ponents  of  the  original  hydrogen  maser  were  located 
hcic  and  there  at  Harvard  and  elsewhere,  and 
assembled  for  display  in  this  exhibit.  (  Fig. 1-3.) 

Although  Ramsey  et  al  claimed  far  too  much 
in  ascribing  a  stability  of  10"^  to  their  first 
11-tr.aser,  they  were  certainly  right  about  the  poten¬ 
tial  of  the  device.  Their  publication  immediately 
drew  the  attention  of  Varian 's  East  Coast  research 


221 


arm,  Boroac  Laboratories  in  nearby  Beverly.  Soon 
they  were  actively  involved  in  the  design  of  a 
commercial  model.  We  exhibit  the  earliest  survi¬ 
ving  of  these  H-10  masers,  as  Yarian  called  them. 

It  was  the  last  of  their  preproduction  prototypes, 
delivered  to  the  Naval  Research  Laboratory  in  the 
spring  of  1964,  and  donated  to  the  Smithsonian  last 


The  exhibit  will  include  one  further  section 
on  the  uses  to  which  atomic  clocks  are  currently 
and  increasingly  put.  We  omit  to  describe  it 
here,  however,  because  our  work  is  not  yet  complete 
and  because  when  we  leave  the  ground  of  history 
there  is  nothing  we  could  say  that  would  be  new 
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Fig. 1  Original  atomic  hydrogen  maser  in  N.  K.  Ramsey’s  laboratory,  November  1960 


Fig. I  Remains  ot  H-maser,  November  1979 


Fig. 3  H-maser  restored,  1980 


This  paper  is  a  condensation  of  the  oral 
presentation  illustrated  by  circa  120  slides  of 
objects,  photographs  and  drawings  to  be  included 
in  the  exhibition. 
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A  SQUAREWAVE  F.M.  SERVO  SYSTEM  WITH  A  DIGITAL  SIGNAL  PROCESSING 
FOR  CESIUM  FREQUENCY  STANDARDS 
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This  paper  describes  a  servo  system 
with  a  digital  signal  processing  which  has 
been  applied  to  a  cesium  frequency  standard 
recently. 

In  contrast  to  the  former  servo  system 
which  adopted  an  analogue  lock-m  system 
with  2  Hz  frequency  modulation,  the  new 
system  has  various  advantages  such  as  a 
good  linearity  of  modulation  and  demodula¬ 
tion,  little  dc  offset  of  siqnal  processing 
and  easy  compensations  for  optimum  control . 
Some  experiments  at  other  laboratories  show 
that  the  linear  dc  drift  of  output  signal 
can  be  removed  by  a  signal  processing  with 
the  second  order  differences. 


/ 

In  this  paper,  the  experimental  results 
and  its  theoretical  analyses  on  the  servo 
system  which  takes  higher  order  differences 
into  the  calculation  for  processing,  are 
presented . 


The  results  show  that  it  seems  to  be 
quite  effective  for  the  improvement  of  the 
frequency  stability. 


VCX02  is  conti'  uously  phase  locked  to  the 
VCX01 . 

The  uncertainty  of  the  frequency  Bhift 
was  caused  by  switching  transients  in  the 
beam  siqnal  due  to  the  square  wave 
modulation  and  by  nonlinearlity  on 
frequency  characteristics  phase  lock  loop 
of  the  VCX02.  So,  in  order  to  remove  the 
effect  of  the  transients  in  the  beam  signal 
and  to  get  the  error  signal  of  the  servo 
system  by  taking  difference  of  averaged  beam 
signals  which  correspond  to  frequencies  se¬ 
parated  from  the  vicinity  of  the  center  of 
the  Ramsey  line  by  -50  Hz,  a  diqital  siqnal 
processing  system  using  a  personal  computer, 
a  voltage  to  frequency  converter  and  an 
electronic  counter  is  introduced  instead  of 
a  conventional  lock-in  amplifier. 

There  have  been  some  experiments  on 
digital  servo  systems  1 *  '  >  ' .  One  is  a  sys¬ 
tem  which  utilized  the  calculation  of  the 
first  difference  by  using  a  time  interval 
counter  and  others  use  an  up  and  down  count¬ 
er  with  counting  sequence  in  order  to  eli¬ 
minate  the  linear  dc  drift  of  the  background 
noise . 


I n  t roduct i on 

The  cesium  beam  frequency  standard 
NRLM-II1*  of  the  National  Research  Labora¬ 
tory  of  Metrology  of  Japan  was  constructed 
in  1975.  During  1977  and  1978,  the  preli¬ 
minary  evaluation  of  accuracy  was  made'*, 
and  the  work  has  been  directed  toward  im¬ 
provement  of  its  accuracy. 

One  of  the  factor  of  the  largest  errors 
in  the  accuracy  evaluation  was  the  uncer¬ 
tainty  of  frequency  shifts  due  to  known 
changes  in  the  modulation  width.  The  amount 
of  error  was  estimated  as  4.5-10"'  '.  The 
system  used  for  the  excitation  of  the  cesium 
resonance  in  the  NRLM-IJ  is  a  single  control 
loop  system  which  consists  of  two  voltaqe 
controlled  crysta 1  oscillators  (5  MHz  VCXOl 
and  5.00888  MHz  VCX02)  and  a  commercial 
frequency  synthesizer  (12.61  MHz).  The  mi¬ 
crowave  signal  for  excitation  is  produced 
by  multiplying  the  output  of  VCX02 .  The 


This  paper  describes  a  diqital  filter¬ 
ing  system  which  calculates  higher  order 
differences  in  software  to  remove  higher 
order  disturbances  of  the  background  noise. 

Principle  of  the  Servo  System 

A  square  wave  frequency  modulation 
servo  system  with  a  digital  processing  fer 
cesium  frequency  standard  is  shown  in  K  i  i.irr 
1.  The  time  sequence  diagram  and  waveforms 
of  the  designation  index  are  shown  in 
Figure  2.  Square  wave  frequency  modulation 
is  operated  by  the  remote  switching  appara¬ 
tus  attached  to  the  synthesizer  with  4s  in 
the  modulation  period  and  100  Hz  in  the  mo¬ 
dulation  width.  The  synthesizer  output 
siqnal  is  fed  to  a  phase  sensitive  detector 
(P.S.D.).  The  error  siqnal  is  applied  to 
VCX02  in  such  a  way  that  phase  difference 
is  reduced  to  zero.  Therefore,  9192  MHz  is 
also  modulated  with  4s  in  the  modulation 
after  an@in  Figure  2.  The  detector  output 


wk ;  ch  is  sh<>wn(2)  is  Figure  1  is  con¬ 
in'  •  t  is  pionoy  ,inei  is  counted  by  an 
nio  unt.r  after  an  opportune  time 
in  F 1 uu re  2,  the  measuring  sections 
i •  1 ' 1 1  ■  '1 1 o  counter  arid  the  output  of 
iital  .iiriiun  converter  are  shown  asQ) 
r  if;  ect  i  Vi  •  ly  . 

:s  o:  the  kiqital  Servo  System 

i  :..re  i  shows  the  block  diagram  of 
tl  scr-o  system  of  Figure  1.  The 
ters  of  the  system  are  as  follows: 

s.i’.ar.ce  frequency  of  cesium  atom, 
iff  Mil:’ 

!  •-sufficing  frequency  of  VCX01 
g:  i re  1 1  •  m  i  o  u  t  put  frequency  of  VCX01, 

MJ.j  / 


This  is  equivalent  to  computing  the  first 
order  difference,  and  it  is  insufficient  tc 
the  rejection  of  the  higher  order  drift  of 
background  beam  intensity  or  operational 
amplifier.  In  order  to  remove  such  a  drift, 
it  is  necessary  to  take  the  difference  of 
higher  order. 

Now,  as  VCX01  is  controlled  to  Ramsey 
resonance  line,  EA  is  nearly  equal  to  Eg. 

The  first  order  difference,  A  x  2  n ,  is 

x2n  =  x2n-l  ~  x2n  =  K2 *EAn  -  EBn'  ••••(31 

where  *2n-l  anci  x2n  are  t*ie  2n-l~th  and  2n- 
th  input  data  from  the  electronic  counter. 

We  extend  this  idea  to  the  difference 
of  higher  order,  the  second  order  difference 
is 


•lection  sensitivity  of  Ramsey  signal 
nc  Uidinu  ar.  electrometer  amplifier, 

li  ?. 


.(Ax2n]  =  A'x2n  =  x2n_2  -  2x2n_1  +  x2n 

....  (4) 

and  the  m-th  order  difference  is 


iltage  to  frequency  conversion  gain, 

2  'V 

re  ;  ler.cy  t  •>  digit  conversion  gain  of 
c'ctrer.ie  counter,  1/Hz 

.iir:  .iei-'i:  1 1  nq  on  calculation 

iiit.ii  to  inulog  conversion  gam,  V 

.•  ■.:■■  t  .  frequency  conversion  gain, 


ic  it. ion  factor  of  a  frequency 

sier  : unction  depending  on  a  cal- 
t  :  on  :  emu  1  a 


i  » -  i  or.  per  rod,  s 


loop  transfer  function 

i  -  ■  ■  ~ 2  .  i  < si 
s  s 


can  be 

-  -  *  (11 


'  ,  •K;.-K  ,-K4-K- -K0-N-i  - (2) 

j-o,  itx'p  transfer  function 
:  !:,y  an  electronic  counter  and 


it  l-v.  formula  to  obtain 
1  ■  r  Function  q(s) 


■  :r  signal  ;  s  obtained  as  a  dif- 

•  *-wri  signals  corresponding  to  the 
ee  '  ,i ,  f  g  as  ;  hown  in  Fig 'lire  2. 


2n 


where 


.,m_1![x2n)  =  f  <-1>r0x2n-m+r 
r=0 


.)  = 


r  !  (m-r)/ 


(5) 

(6) 


(^1  is  the  binomial  coefficient. 


Now,  if  we  apply  the  signal  of  any  fre¬ 
quency  e-)'t  to  x-  of  the  first  difference 
of  (3),  2n 

i6j- fc  =  e]v,t-T)-ejjt 

=  3e';’“:T/2  (2sinuiT/2)e;i:'t.  - (7) 


This  equation  shows  a  band  pass  filter  of 
center  frequency, 

f  =  (0<wTs-)  ,  - (8) 

The  difference  of  m-th  order  is 

."(gj-'t)  =  ( jt)e-jmwT/2  (23inu.T/2)rV ‘Vi91 

An  indicial  response  of  this  formula 
is  obtained  by  a  step  frequency  change  of 
VCX01 .  The  error  signal  of  n-th  period, 
y  (nT)  ,  is 


Y(nT)  =  x2n-l  -  x2n 

=  K2<EAn  -  EBn>  (10) 

From  the  equation  (4)  of  the  second  diffe¬ 
rence 

’y(nT)  =  y(r.T-T)  +  y(nT) 

=  (  1  +  o'sT)  y  (nT)  ,  (11) 

and  then  the  i-th  order  difference  (5)  can 
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be  written 


Slz! 


i1y(nT)  =  MA1"1]  [y (nT)  ] 

=  r^0  ( ^)  y  (nT-  ( i-r)  T] 

=  ( l+e~sT)  1y  ( nT)  - (12) 

i1y(nT)  is  also  given  by  a  binomial  forms, 
i  i  1 

(  )  =  — rr-i - T-.  and  i=m-l.  ••••(13) 

r  r  7 (  i-r)/ 

It  is  understood  that  m  resisters  must  be 
set  aside  for  buffer  storage  in  order  to 
execute  ( 12 ) . 

The  magnitude  of  Equation  (12)  becomes 

, .  -sT,  i  , ,  _  ...  i  -ii.T'2  ,,, 

(1+e  )  =  (2cos.T/2)  e  -  •*••'. 4) 

which  lead  to  the  structure  shown  m  Figure 
4.  (2cos-T/2)t  is  a  low  pass  filter  which 

has  weighting  coefficients  of  a  bmomical 
form  and  is  called  a  cosine  window’ ■ . 


The  difference  y(nT!  is  given  by 

l-e‘2sT 
y  (nT)  =  K,— - 

Then,  the  transfer  function,  g(s,,  is 
written  from  (12)  and  ;1"<)  is 


g ( s)  =  -( l+e'sT)rn'1 

l-e“sT  -sT.m 
=  — - !  1  *-e  i 


I ntegration 


Simple  first  order  difference  <•;:■>••.  >n 
acts  as  an  integrator, 

u(nT)  =  u(nT-T)  +  y(nT) 

where  u(nT)  and  y(nTl  are  the  r-.-th  input 
and  output  data  of  stored  resisters.  The 
7.  transform  of  this  equation  is 

U  (  z)  =  (  l-z“l)  "'y  (z)  - (181 

This  is  one  of  the  recursive  digital 
filter'),  shown  in  Figure  1 . 

The  Laplace  transform  of  ( 1 R )  is 


V  (  s )  --  ^  - (18) 

Therefore,  from  equations  (1),  (16)  and 

(19) ,  the  Laplace  transforms  of  an  over  all 
transfer  function  is  written  by 

Of  8)  -  (lte-sT)m  >  ..-.(20) 

Taking  the  z  transform,  this  equation  is 
wr i t ten  as 


Experimental  Re s_ul t  and  Analyses 

The  values  of  the  parameters  of  the 
actual  instruments  are  as  follows,  K ;  - 
4. 0*  10“'  V  H  z ,  K  i  =  I’’  Hz  V,  K,  -  l” 

K<  =  50  i 2nd  difference’ ,  K;  =  .  0"  V 
eluding  ATT.  10'  ,  K .  -  6  . '  1  ‘  '  ■:.  /  . 

=  1  8  38  ,  T  =  4  s  ,  the:.  Y  -  6  •  1  0  '  . 

The  detector  consists  cf  a  nctw.rt  ,  a 
lector  .»r'd  an  perati.nal  am:  1  .  f  .  e :  •. 

10 1  ohm  input  impedance,  current  t 
taue  conversion  resistor.  This  ;  •  j 
still  mere  amplified  30  dB  .jam  ,  a:  .  • 
is  converted  to  frequency  cy  a  vc  .  •  a  :•  - 

frequency  converter  cf  10  volts  to  1  MH  ;• 

The  electronic  counter  has  a  riis:  li 
-f  8  diaits  m  decade  step  for  aate  tier 
3.3s.  Measure  mg  frequencies  are  ad;..s’ 
at  about  500  kHz  by  shifting  the  output 
level  of  the  operational  amplifier,  bera 
cf  removing  the  noise  of  cuanti za t icn . 

Two  voltage  controlle-5  crystal  esc: 
.at  ms  generate  the  2.5  d  2.5034 

signals.  In  free  runni.  ir  tempera 

•ur.-  coefficients  are  1*10  ‘*/£.  The  a; 
r.ves  :  lon.j  term  are  less  than  5  in 
•d.ij  ,  an i-r  Is,  the  short  term.  :  r-  : 
s*a:  ..tcs  ire  characterized  by  2.2-  1C" 
The  f  1  it  r<>  /  sons  called  "flicker  r  ! 
ism"’  .  i‘  2  •  in  aver.ij:!.  :  ♦;-••> 

■  i  ■  i •  i  :  •  :.  :■  i  S'V't  : . 


stab ;  1  i  t  v  ■  t  tPlY'-i  :  p-  ....  ... 

difference  an:  m  II!'  c.  •; :  am  clock  ' 
h  l  gh  :»  ■  i  !  mr  a--.ee  t  They  a:  teat  • 

beep  influence:)  mainly  (he  1  i  .it  , 
frequency  stability  imposed  by  the 
clock  rather  than  that  of  the  st  a-  aid  ; 
self.  In  ordei  to  estimate  the  (reraec 

stabilitv  of  NRLM-II,  the  measurements  w 
taken  for  various  beam  intensities.  The 
result  shows  the  relative  frequency  stab 
lity  was  not.  affected  at  a  beam  inters  it 
of  half  value  of  normal  operatic:-. 
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The  influence  caused  by  switching 
transients  of  square  wave  frequency  modula¬ 
tion  was  simply  removed  by  means  of  the 
digital  processing  of  resonance  signal  as 
shown  in  Figure  7. 

Analysis  in  the  Frequency  Domain 

From  the  form  of  the  transfer  function 
as  given  by  Equation  (20),  the  magnitude 
and  phase  angle  becomes  to 

o(i)  =  T] 2 "  [2  i  cos . t/2  I ]m 


JGi).)  -  -  (2+m)  .T/2--1/2.  - (23) 

I'ne  normalized  logarithm  of  magnitude  and 
phase  angle  diagrams  without  an  integrator 
are  shown  in  Figure  8.  As  the  log  magni¬ 
tude  and  phase  diagrams  are  obtained,  the 
stability  characteristics  can  be  simply 
.:>•»  ermined  from  the  point  on  plot  of  the 
t : .insfer  function  at  which  the  magnitude  is 
;::ity  ^;i].)=0dB]  and  the  phase  angle  is 
.80  .  The  stability  characteristics  is 
•her.  given  by  -  (2+m)  „  T/2-'r/2  =  -r  which  is 
trained  from  (23)  letting  in  (22). 


'  ’ 1  ( 2  + 


Then,  if  the  transfer  function  G(z)  to  dis¬ 
turbance  ; ^  ( z )  has  (l-z_1)m  as  the  basic 
element,  m=p,  the  effect  of  disturbance 
.jjtz)  is  negligible.  Taking  the  z  trans¬ 
form  of  Equation  (5)  , 

Amxn  =  (1  -  z_1)m.  - (28) 

We  explained  at  Equation  (9)  the  action  of 
the  filter  as  previously  staled.  For  the 
disturbance  of  the  actual  instrument,  it 
would  be  effective  enough  to  take  3  or  4 
for  m . 

The  Effect  of  the  Quantization  error  • c 

The  quantization  error  depends  on  mam 
ly  the  digital  to  analog  converter  which 
produces  an  error  of  1.3-10-1’  in  terms  of 
normalized  frequency  error  for  a  sampling 
time  of  4s.  On  the  other  hand,  errors  from 
the  voltage  to  frequency  converter  and  the 
electronic  counter  are  less  than  2*10~:‘‘. 

The  Effect  of  oscillator  disturbance  q 

For  the  offset  input,  .  0(t),  ;f,  is 


But,  if  the  e  q ( t)  is  drift  input, 


(2+m)  T  1 


^0<t>]  =  TiTfp  2"5fo 


-  i-  -  ■■  (  Hm!  rSin-y2  (2+m)  ,2 

,  <-+nu  I  c 72  (2+ST  ri 

• [2m  C0S+/2 (2+m)  ml .  - (25) 

■\  na  lysis  in  the  z  Transform  Domain 

The  source  of  disturbance  signals  in 
•ho  digital  servo  loop  are  signal  detection 
noise,  d,  such  as  atomic  beam  noise,  off¬ 
set  and  drift  of  the  operational  amplifier, 
the  quantization  noise  of  digital  signal 
processing,  i.  ,  and  offset  and  drift  of  the 
VCXOl ,  0 .  y 

The  function  of  changes  of  the  VCXOl 
output  frequency  f^,  5,  f  ^ ,  is  given  by 


the  error  transform  ;  is  as 


1  |  KG  ( z 

CG(Z)  | NK  p 

0(z)| 


‘d<z)  +  K0q(z> 


where  KG(z)=K(l-z  )  (]+ z  )m.  Now,  we 

consider  the  effect  of  disturbance  signals 
cl,  q  and  ■  q  separately. 

The  Effect  of  ■ 


=  lim 
z  .1  2 

T 

=  h2~':i  o 


.  -_J_  -If  I 

1+KG  ( z)  (z-i)  f-  ‘0| 


where  K1 


The  final  value  of  : f p  has  the  residual 

error  ^ ,  2-iAfg.  As  K’  includes  1/T,  steady- 
state  error  increases  in  proportion  to  T  . 
The  offset  of  the  controlled  actual  instru¬ 
ments  becomes  1.5«10-;'  from  that  the  aging 
rates  of  the  VCXOl  are  less  than  5'10"ri/da 

Analysis  of  this  system  shows  that  the 
influence  of  drift  or  aging  of  electrometer 
is  removed  by  taking  the  higher  order  dif¬ 
ference  into  the  calculation. 

If  we  use  longer  T  in  period,  noise 
can  be  more  decreased  by  averaning.  How¬ 
ever,  steady-state  error  caused  by  drift  of 
the  VCXOl  increases  in  proportion  to  T  , 
then  it  is  necessary  to  choise  the  optimum 
T. 


In  general,  the  z  transform  of  distur¬ 
bance  can  be  written 


(z)  =  (1 


-z-Vp 


Conclusion 

Analyses  of  this  system  show  that  the 
calculation  of  m-th  order  difference 
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behave*  aa  a  band  pass  filter,  (2  ainuT/2)m, 
to  the  random  noise  irrelevant  to  the  modu¬ 
lation  period,  and  behaves  as  a  low  pass 
filter,  (2  coswT/2)m,  to  the  resonance  sig¬ 
nal  with  the  modulation  period. 

Then,  it  is  effective  to  the  rejection  of 

1.  the  higher  order  disturbances  in¬ 
cluding  the  drift  of  background 
noise , 

2.  the  white  noise  and  sudden  large 
noise, 

3.  the  influence  caused  by  switching 
transients  of  square  wave  frequency 
modulation. 

Features  of  our  system  compared  with 
the  up  down  counting  system  are  that 

1.  our  system  can  take  higher  order 
difference  in  calculation  against 
the  second  order  difference  of 
another  systems, 

2.  control  signals  are  able  to  ob¬ 
tained  from  D/A  converter  respond 
to  every  new  period. 
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Figure  1  Block  diagram  of  the  frequency  standard,  NRLM-II. 
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Figure  2  Time  sequence  diagram  and  waveforms. 
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Figure  3  The  block  diagram  of  the  digital  servo  system. 
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Figure  4  Non-recursive  filter  of  i-th  order  difference. 
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Figure  5  Digital  integrator. 
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Figure  6  Relative  frequency  stability  measured  with  respect 
to  the  HP  cesium  clock  and  crystal  oscillator. 
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Emil  R.  Straka 
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Summary 

A  demountable  test  system  is  used  to  deter¬ 
mine  operating  characteristics  of  electron 
multipliers  which  will  be  used  in  cesium  beam 
tubes.  Tests  are  performed  using  an  electron 
input  signal.  Multiplier  gain  and  dynode  secondary 
electron  emission  coefficients  are  calculated  from 
these  test  data. 

Environmental  effects  of  air  exposure  and 
vacuum  bake  are  also  determined. 

/\ 

Objective 

This  work  was  undertaken  as  part  of  a 
continuing  program  to  develop  improved  methods 
for  assuring  quality  in  the  manufacture  of 
cesium  beam  tubes. 


Background 


Device  Description 


The  electron  multiplier  is  used  as  a  linear 
signal  amplifier  and  is  located  within  the  vacuum 
envelope  of  the  CBT.  The  multiplier  design  uses 
a  "box  and  grid"  type  of  dynode  (Figure  1).  Each 
dynode  consists  of  a  grid  and  a  '  musing  which  is 
lined  with  a  silver-magnesium  alloy.  The  qrid  is 
at  the  input  aperture  of  each  dynode.  The  output 
aperture  is  totally  open.  The  alloy  is  processed 
in  a  manner  similar  to  that  described  by  Wargo, 
Haxby  and  Shepherd  (1)  in  order  to  establish  a 
surface  with  proper  secondary  emitting  character¬ 
istics. 


Input 

Signal 


Anode 


Electrostatic  1 
focusing  grid  i 


Ag-Mg  alloy  lining, 
inside  dynode  housing 


Figure  1.  Schematic  arrangement  of  the  box  and 
grid  multiplier  and  a  single  dynode. 


Theory  of  Operati on 

The  input  signal  consists  of  a  cesium  ion 
beam  which  is  accelerated  to  the  first  dynode  by 
some  potential  difference  (-!/>)  measured  with 
respect  to  the  ionizer.  The  secondary  electrons 
which  are  produced  at  the  first  dynode  are  then 
accelerated  to  dynode  ?  by  a  potential  difference 
(+V;1  measured  with  respect  to  dynode  1.  The 
electron  current  continues  to  be  amplified  as  it 
proceeds  on  to  subsequent  dynodes  until  the  fully 
amplified  signal  is  collected  at  the  anode.  The 
inter-dynode  potential  differences  are  very  nearly 
the  same  in  our  multiplier  design  to  that  V;  = 

V,  *  V*  ....  etc.  However,  : y. ’  'Vl'.  Since 

each  dynode  acts  as  an  amplifier,  the  net  gain 
Gn  of  a  multiplier  with  N  dynodes  may  be  described 
in  terms  of  the  emission  coefficients  (cO  of 
the  dynodes  and  the  ion-electron  conversion 
efficiency  (7^,)  of  the  first  dynode.  Then 

Gn  (V)  ••••  cTn  M) 

where  TL  =  11;  (-VJ 
On--  On  (Vm)  - 

The  subscripts  refer  to  each  dynode  number.  If 
we  arrange  that  all  inter-dynode  voltages  are 
equal  and  that  secondary  electron  emission  coef¬ 
ficients  are  equal,  equation  (1)  becomes 

S  (v)  -  [n.,(-vn][<?(v7)  N'1  .  (?-) 
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Electron  Multiplier  Operating  Character^ sties 
Test  Apparatus 


Pen  ray 

U.V. 

Lamp 


Figure  2.  Schematic  representation  of  the  electron  multiplier  test  setup.  The  voltage  applied  to  the 

multiplier  and  anode  is  Eem.  Output  current  measurements  are  obtained  with  this  configuration. 


The  test  apparatus  employs  an  electron  input 
signal  rather  than  cesium  ions  for  reasons  that 
are  quite  obvious: 

1)  Once  a  multiplier  is  cesiated  it  cannot 
be  opened  to  atmosphere  without  destroy¬ 
ing  the  secondary  emitting  properties  of 
at  least  the  first  dynode.  Consequently, 
the  performance  would  be  badly  degraded 
and  the  multiplier  would  no  longer  be 
useful . 

2)  Cesium  source  isolation  is  needed  when 
the  system  is  open  to  atmosphere.  This 
requires  a  more  complex  arrangement. 

3)  Cesiation  of  the  test  chamber  can  lead  to 
system  maintenance  problems  over  long 
time  periods. 

And  finally, 

4)  Since  we  are  really  interested  in  getting 
a  measure  of  4,  an  electron  source  is 
quite  appropriate,  reliable  and  easy  to 
maintain. 

Ri  is  chosen  so  that  the  cathode  to  first 
dynode  voltane  is  the  same  as  the  inter-dynode 


voltaqe.  R*  is  chosen  to  match  the  circuitry  of 
the  frequency  standard.  100MO  is  used  at  the 
electrometer  input  only  for  protection  of  the 
electrometer  from  inadvertent  current  spikes.  The 
proximity  focused  transmission  photocathode  is  an 
aluminum  film  on  a  disk  of  fused  silica.  The 
sapphire  view  port  transmits  U.V.  radiation  to  the 
cathode  which,  in  turn,  ejects  photoelectrons. 

U.V.  filters  are  used  to  vary  the  input  signal 
level.  Signal  levels  of  up  to  1 0“ 1 0 A .  can  be 
achieved.  Input  signals  down  to  about  5X10*ll,A. 
can  be  achieved  albeit  the  measurements  may  be 
somewhat  tedious. 

Figure  2  shows  the  arrangement  for  making 
output  current  measurements.  Input  current 
measurements  are  performed  after  removina  Rj  and 
Rr  and  relocating  the  electrometer  input  lead 
from  feedthrough  4  to  feedthrouqh  2. 

Experimental  Results 

General .  The  determination  of  multiplier 
gain  characteristics  is  accomplished  solely  by 
means  of  input  current  -  output  current  - 
multiplier  voltaqe  (Epm)  relationships. 
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Figure  3  is  an  example  of  a  set  of  current  trans¬ 
fer  characteri st ics  curves. 


fiqure  3.  Current  transfer  characteristics 
curves  for  a  6  dynode  multiplier. 
Multiplier  voltage  (Eem)  is  expressed 
as  1st  dynode  potential  relative  to  the 
multipl ier  anode. 

For  all  values  of  Eom  shown  in  Fiqure  3, 
each  output  current  curve-  has  at  least  one  region 
of  linear  response  over  some  input  siqnal  range. 
However  as  we  would  expect,  as  the  multiplier 
becomes  saturated,  we  see  that  linearity  degrades. 
We  may  safely  say  that  this  specific  multiplier 
will  operate  in  an  unsaturated  mode  for  all 

E  -2400V  if  the  output  current  does  not 
em  - 

exceed  h.fl. 

Another  way  of  looking  at  the  multiplier 
rharacteris^ics  is  to  olot  loq  multiplier  gain  as 
a  function  of  Ep,*  for  various  input  levels. 

Figure  4  shows  such  a  curve.  Multiplier  gain  at 
a  c-'ven  Eem  is  defined  as  the  output  current  at 
that  voltage  divided  by  the  input  current.  Since 
we  have  said  that  this  multiplier  will  be  unsatu¬ 
rated  if  the  output  current  lies  below  the  upper 
limit  of  about  I.A.,  then  the  following  relation¬ 
ships  between  gain  and  saturation  can  be  used  for 
tnis  particular  multiplier: 


3.0  x  10  12 


-  Results  for  3  input  signal 
levels  are  shown. 

1  x  103. _ „ _ _ 

-1000  -1500  -2000  -2500 
Electron  Multiplier  Voltage  (Volts) 

Figure  4.  Multiplier  qain  as  a  function  of 
multiplier  voltaqe. 


If  the  input  signal 
level  is 

then  gain  saturation 
occurs  at  and  above 
gains  of 

1. 

7 . 1 X 1 0_ 1 'A. 

1.4X105 

2. 

2 . 0X10" 1 1 A . 

5.0X10“ 

3. 

5.0X10’’ “A. 

2.0X10“ 

Hence  in  the  range  Eem  = 

0  to  -2400V  where  the 

input  siqnal  is  7 . 1 X 1 n- 1 7 A .  or  less,  an  unsatura¬ 
ted  curve  is  shown  in  Figure  4  as  the  3.0X10-i:4 
input  curve.  For  higher  input  levels,  saturation 
begins  as  the  respective  curve  begins  to  break 
away  from  the  unsaturated  curve  as  Eem  increases. 
Figure  4  shows  that  saturation  beginsat  about 
2.3X10“  gain  when  the  input  is  5.0X10’”A.  and 
at  about  5.0X10“  qain  when  the  input  is  2.0X10  'A. 

These  data  can  be  useful  in  monitoring 
process  consistency  if  one  measures  gain  of  multi¬ 
pliers  which  always  have  the  same  nunber  of 
dynodes.  However  when  comparing  multipliers  which 
have  different  numbers  of  dynodes,  it  is  more 
convenient  to  get  a  measure  of  single  dynode 
performance.  We  begin  by  arranging  that  all 
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dynodes  In  the  multiplier  have  very  nearly  the 
same  secondary  electron  yield.  We  also  cnoose 
an  Input  signal  level  which  assures  us  that  we 
avoid  gain  saturation  for  t'.e  entire  ranqe  of  tern- 
Then  if  the  ion-electron  conversion  efficiency 
D!.|  )  is  replaced  by  the  secondary  electron 
emission  coefficient  c"(V),  equation  (2),  becomes 


is  the  calculated  mean  secondary 
electron  emission  ratio, 

is  the  aain  calculated  from  output 
and  input  current  measurements 

is  the  inter-dynode  voltage 


N  is  the  number  of  dynodes  in  the 
multiol ier. 


Figure  5  shows  the  calculated  mean  secondary 
electron  ratio  as  a  function  of  inter-dynode 
voltage.  This  curve  is  based  upon  test  results 
from  26  separate  dynode  lots  processed  in  the 
Hewlett-Packard  cesium  beam  production  line. 

We  prefer  to  use  the  sinqle  dynode  performance 
to  monitor  process  uniformity  since  the  number 
of  dynodes  in  the  multiplier  does  not  complicate 
comparisons  of  several  multiplier  types. 


Environmental:  Air  Exposure.  This  topic 
seems  to  take  on  renewed  interest  every  so  often 
since  low  levels  of  CBT  beam  siganl  have  fre¬ 
quently  been  blamed  on  multiplier  processing  and 
handling  during  fabrication.  Since  we  qualify 
batches  of  multipliers  prior  to  installing  them  in 
tubes,  it  was  appropriate  to  seek  a  more  complete 


picture  by  determinino  the  effect  on  multipliers 


when  exposed  to  air  for  a  variety  of  time  inter¬ 


vals. 


10.0 


Calculated  Mean 


Secondary  Electron^ 
9  0  Emission  Ratio  (8) 
vs.  Interdynode  Voltage 

8.0 


2.0 


1.0 


This  work  was  accomplished  by  exposina  the 
test  multiplier  to  room  air  which  was  typically 
at  70’F  and  hah  a  nominal  relative  humidity  of 
40'.  45  minutes  elapsed  between  the  time  the 

dynodes  left  the  dynode  processor  and  the  assem¬ 
bled  multiplier  was  first  pumped  down  in  the  test 
chamber.  Consequently,  the  exposure  interval 
ranae  is  .75  hours  to  33.8  hours. 

Air  exposure  effect 
on  electron  multiplier  gain. 


c 


.1 . .  ..... _ 

.1  5  1.0  5  10  so  100 


Total  Exposure  Time  in  Air  (hours) 

Figure  6.  Gain  degradation  caused  bv  exposure  to 
room  air,  70' F,  40  nominal  relative 
humidity.  Go  is  original  gain,  t  is 
time  of  exposure. 


(inure  6  shows  that  the  gain  has  t”;'  dependence 
where  t  is  exposure  time.  Note  that  multiplier 
gain  could  be  expected  to  dearade  5h  after  3 
hours  exposure  to  room  air.  Proper  storaae  and 
handling  conditions  nhv'ously  play  a  major  role 
in  maintaining  multiplier  quality. 

figure  4.  Secondary  electron  emission  ratio  as  a 
function  of  i n tor-dyn 'do  voltage: 
e/alugt’nn  of  26  pi -gross  lots-  The 
width  of  ? hr  hand  i  .  ' wo  standard 
dev i at i on  , . 


0 . . 

0  100  200  300  400 

Interdynode  Voltage  (volts) 
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Environmental:  Tube  Exhaust  Bake.  Also  of 
considerable  interest  is  the  effect  that  tube  bake 
has  upon  multiplier  gain. 


Effect  of  tube  bake 
on  multiplier  gain 


1  XIO7: 


4  1  x  10*T 


After  Exhaust  Bake 


1  x  io5 . 

-1000  -1500  -  2000  -  2500 


Electron  Multiplier  Voltage 


figure  7.  Calculated  gain  curves  before  and 
after  tube  bake.  The  unsaturated 
portions  of  the  curves  show  excellent 
agreement  thus  indicating  no  gain 
degradation. 


•  cure  7  shows  the  vacuum  bake  did  not  degrade 
e  performance  of  this  multiplier.  The  dif- 
urence  in  the  two  curves  is  due  only  to  the 
fact  that  this  9-dynode  multiplier  saturates 
easily  and  too  high  an  input  siqnal  level  was 
used  in  the  first  test.  The  unsaturated  section 
of  the  before-bake  curve  perfectly  matches  the 
same  portion  of  the  after-bake  curve.  Our  conclu¬ 
sion  is  that  the  multiplier  is  very  compatible 
with  the  tube  exhaust  bake. 

Development  Process  Results.  Having 
■:stabl  ished  a  reliable  method  for  evaluating 
dvnode  performance  and  then  gathering  statistics 
on  the  production  process  we  have  undertaken 
efforts  to  develop  improved  dynodes.  Dynodes 
which  exhibit  higher  gain  and  greater  long  term 
stability  will  allow  us  to  operate  multipliers 
at  lower  voltages  thereby  extending  first  dynode 
lifetime.  Figure  8  shows  the  improved  performance 
of  recent  development  dynodes.  The  comparison  is 
made  against  the  mean  of  26  production  process 
runs,  presented  earlier  in  Figure  5  and  against 
one  nf  the  higher  quality  production  runs.  At 
'•'  i  vr.lts  we  observe  =  5.9  for  the  development 
process,  5.(1  for  the  better  production  run 
an  i  -  4.4  for  the  mean  of  thp  production  runs. 

If  we  were  to  use  these  improved  dynodes  in  6 
4/node  multipliers  and  operate  at  - 1 SDOV .  the 
respe  tive  electron  current  gains  would  be  47X10", 
16X19"  and  7.3X10’  .  We  have  neglected  the 
fact  that  in  the  resin:"'  tube  w»  must  consider  the 
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Figure  8.  Comparison  of  development  dynode 

process  results  with  production  process 
resul ts. 


first  dynode  conversion  efficiency  for  the  cesium 
ion.  Still,  the  development  process  shows  nearly 
a  six  fold  gain  improvement  at  this  voltage. 

Concl us i on 

The  equipment  and  methods  used  to  evaluate 
electron  multiplier  performance  and  process  con¬ 
sistency  have  proved  worthwhile  since  the,  ::rov  :< 
a  means  to  qualify  electron  multipliers  prior  ‘ o 
installing  the  multipliers  in  tubes,  lest  rosul *  ■- 
continue  to  provide  us  with  a  high  confidence  1 ■  ■  v  j t 
in  dvnode  process  reliability  and  in  multiplier 
fabrication  standards  as  well  as  handling  an,I 
storage  methods. 

The  production  data  are  useful  in  establisn- 
inq  meaningful  reference  points  for  determin-ng 
environmental  effects  and  for  determining  the 
effects  of  process  variations. 
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^ J  ABSTRACT 

The  use  of  microprocessor  based  instrument¬ 
ation  in  support  of  a  cesium  bean  frequency 
standard  is  explored.  Specific  advantages  and 
approaches  are  examined  with  the  design  goals  of 
improved  uerfonnanoe,  enhanced  system  flexibility 
and  increased  reliability., 


^  1  ntcoduction 

The  use  of  computers  in  the  evolution  of 
time  and  frequency  technology  has  evolved  prim¬ 
arily  from  their  use  in  the  laboratory  for  data 
acquisition  and  reduction.  More  recently  com¬ 
puters  have  found  application  in  timing  receivers 
depending  upon  LORAN,  TRANSIT,  GPS  and  similar 
systems  for  their  operation.  A  host  of  micro¬ 
processor  and  computer  based  i  nstrumentation  now 
supports  the  scientist  and  engineer  in  the 
laboratory;  the  power  of  this  technology  can  be 
applied  to  the  cesium  frequency  standard.  A  more 
sophisticated  system  of  interrogation  of  the 
atomic  system,  a  more  accurate  servo  process 
combine  with  other  techniques  to  provide  the 
capability  for  more  accurate,  stable  and  flexible 
clocks  and  clock  systems. 


As  the  capabilities  of  time  transfers 
advanced  beyond  the  limitations  of  VIF  trans¬ 
missions,  the  requirement  for  increased  receiver 
sophistication  became  apparent.  Satellite 
receivers  have  the  task  to  extract  precise 
information  in  real  time  frj,n  a  complex  message 
format  under  varyi  ng  conditions  of  signal -to- 
noisa.  Realization  of  such  an  instrument  would 
not  be  practical  without  cwputer  assistance. 

Toe  T -y JO  satellite  timing  receiver,  manu¬ 
factured  by  frequency  A  Time  Systems,  Inc.,  is 
such  a  system,  depend!  ng  upon  the  Navy  Naviga¬ 
tional  Satellite  System  (NNSS)  or  TRANSIT  for  its 
•  1  ? 

operation.  •  TRANSIT  .-insists  of  a  system 
■if  Mve  satellites  .ml  associated  ground  support 
stations.  The  satellites  are  in  nearly  circular 
pol  ar  orbits  of  approximately  7bU0  km  radius. 


The  satellite  message  contains  orbital  para¬ 
meter  data  and  time  marks  from  which  the  satel¬ 
lite  ephemeris  may  be  computed.  The  T-200  micro¬ 
processor  decodes  the  incoming  satellite  data  and 
enables  the  recording  of  the  time  marks  which 
occur  at  two  minute  intervals.  During  a  single 
satellite  pass,  up  to  nine  messages  and  time 
marks  may  be  recorded.  Satellite  range  is  cal¬ 
culated  for  each  message  and  propagation  delay 
corrections  made  to  each  time  mark  reading. 
Subsequent  data  reduction  involves  rejection  of 
noisy  data  or  of  low  angle  data  (to  eliminate 
multipath  effects).  At  the  choice  of  the  user, 
single  satellite  corrections  are  implemented  as 
received  or  an  average  correction  over  a  number 
of  satellites  is  executed.  An  optional  version 
of  the  T-200  uses  measured  satellite  doppl  er 
frequency  changes  during  a  pass  to  provide  an 
accurate  measure  of  receiver  location  in  addition 
to  precise  time. 

The  microprocessor  implementation  of  the 
T-200  points  up  several  general  advantages  of 
this  technology.  The  feasibility  of  extended 
data  manipulation  and  reduction  becomes  apparent: 
the  data  size  and  task  complexity  would  be 
impractical  in  ary  system  without  the  computa¬ 
tional  power  afforded  by  use  of  a  microprocessor. 
The  overall  instrument  performance  is  enhanced 
through  i  ncreased  reliability  resulting  from 
self-diagnostic  features;  reliability  is  also 
increased  from  the  lower  parts  count  which  may  he 
achieved  in  microprocessor  based  systems. 
Instrument  operational  flexibility  is  increased 
in  the  sense  that  manufacturer  updates  or  custom 
user  modifications  become  easily  implemented  as 
software  changes.  A  specific  example  in  the  case 
of  the  T-200  is  the  Position  Determination 
Option. 

Addi  tional  ly ,  the  user  mode  or  environment 
nay  be  more  easily  accommodated  by  an  adaptive 
instrument  operating  system.  The  T-200  receiver 
nay  be  user  programmed  to  selectively  ignore 
specific  satellites  or  to  implement  filtered 
corrections,  allowing  the  user  to  tailor  system 
operation  to  the  stability  charac teri sties  of  the 
avail  able  local  clock. 
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Cesium  Standards 

Background 

The  performance  of  any  atomic  frequency 
reference  Is  limited  fundamentally  by  spectral 
line  Q  and  by  the  available  signal -to- noise 
ratio,  from  the  designer's  point  of  view,  servo 
performance  and  the  sophistication  of  the  atomic 
1  nterrogatlon  are  equally  relevant.  The  user 
values  ease  of  operation  and  reliability. 

Non-Ideal  atomic  1  nterrogatlon  and  1  nade- 
quate  servo  performance  result  In  sensitivity  to 
environmental  perturbation  such  as  temperature 
changes.  In  principle,  the  cesium  atomic  system 
contains  adequate  Information  to  compensate  for 
even  more  subtle  perturbations  such  as  vibration 
and  changes  In  ambient  magnetic  field.  Ageing 
effects  either  In  components  or  Indirectly  In 
changing  signal  characteristics  can  produce  long 
term  frequency  Instabilities  as  well.  Techniques 
for  reducing  the  above  deficiencies  In  perform¬ 
ance  are  discussed  below,  particularly  using 
microprocessor  technology  to  implement  system 
’evel  solutions. 

Microprocessor  Applications 

Digital  implementation  of  the  frequency 
control  servo  is  an  obvious  starti  ng  point. 
Digital  demodulation  and  integration  of  error 
signal  form  the  basis  for  a  servo  with  zero  off¬ 
set  which  is  not  limited  hy  finite  gain.  Scaling 
of  the  demodulated  signal  allows  the  possibility 
of  variable  loop  bandwidths.  In  addition  to 
running  the  frequency  lock  servo,  it  becomes 
possible  to  time-multiplex  other  system  servos. 
If  the  implementation  of  such  a  servo  does  not 
perturb  the  atomic  i  nterrogation,  the  tasks  may 
be  executed  by  the  microprocessor  on  a  time 
available  basis.  Within  the  constraints  of 
desired  system  unity  gain  frequency  and  stable 
loop  behavior,  it  is  possible  to  briefly  disable 
the  main  frequency  lock  servo  while  performi  ng 
other  tasxs.  In  this  way  measurement  of  C-field 
through  i  nterrogation  of  the  Mp  *  0  transitions 
could  be  used  to  stabilize  or  otnerwise  compen¬ 
sate  for  changes  in  ambient  magnetic  field. 
Disabling  the  main  frequency  lock  servo  elimin¬ 
ates  the  possibility  of  introducing  a  frequency 
offset  through  the  C-field  measurement.  The 
requisite  data  rate  for  such  a  magnetic  field 
servo  is  adequately  low  so  as  to  produce  minimal 
perturbation.  A  similar  servo  could  be  imple¬ 
ment'd  for  control  of  too  i  nterr ooat '  nq  power 
level.'* 

examination  of  system  parameters  via  analog 
voltage  monitors  may  be  strai ghtTorwardly  imple¬ 
mented  in  a  background  routine.  The  routine 
provides  a  quasi -conti  njous  evaluation  of  system 


performance,  alerting  the  user  of  potential 
malfunction  or  failure.  Addition  of  environment¬ 
al  sensors  creates  the  potential  for  realization 
of  adaptive  servos.  The  quartz  oscillator  oer- 
formance  under  benign  conditions  determines  an 
optimum  loop  bandwidth  which  yields  optimum  over¬ 
all  system  performance.  Under  conditions  of 
changing  ambient  temperature,  mechanical  perturb¬ 
ation,  or  shortly  after  turn-on,  oscillator 
performance  Is  quite  different,  resulting  in  a 
different  optimum  loop  bandwidth.  User  inter¬ 
action  or  alternatively  interaction  with  user 
systems  becomes  an  attractive  feature  of  flex¬ 
ibility  available  with  microprocessor  technology. 

More  sophisticated  frequency  lock  servos  may 
be  Implemented  If  control  of  loop  gain  Is  pos¬ 
sible.  Figure  1  Illustrates  two  servo  responses 
to  linear  oscillator  drift.  Note  the  permanent 
residual  offset  In  the  type  I  servo.  To  Insure 
overall  loop  stability,  type  II  servos  may  be 
Implemented  only  If  loop  gain  can  be  maintained 
adequately  high.  Ageing  phenomena  can  result  In 
decay  of  cesium  beam  tube  signal  amplitude  which, 
If  not  otherwise  compensated  for,  can  lead  to 
instabilities  In  type  II  servos. 

Use  of  a  time-multiplexed  servo  to  measure 
and  control  loop  gain  allows  implementation  of 
the  type  I.  servo.  Control  of  loop  gain  has 
other  benefits  as  well.  Loop  time  constant  and 
dynamic  behavior  remain  constant.  Although  loop 
offsets  are  not  eliminated  by  this  technique, 
frequency  changes  induced  by  changing  loop  gain 
are  rullified,  resulting  in  Improved  long  term 
frequency  stability. 

Figure  2  shows  a  conceptual  block  diagram  of 
a  microprocessor  based  cesium  frequency  standard. 
Control  of  the  frequency  and  amplitude  of  the 
interrogating  signal  applied  to  the  cesium  heam 
tube  are  achieved  by  use  of  a  programmable 
synthesizer  and  attenuator.  Measurement  of  the 
Mp  =  +1  transitions  permit  correction  of 

C-field  current;  alternatively,  with  adequately 
high  synthesizer  resolution,  C-field  changes  can 
be  compensated  for  in  the  frequency  servo  loop. 

System  analog  monitors  are  also  shown  in 
Figure  2.  These  signals  may  be  multiplexed  and 
read  hy  the  same  analog-to-digital  converter 
which  digitizes  the  error  signal  from  the  cesiun 
i  nterrogation.  This  use  of  electronic  hard*)'-', 
to  perform  multiple  tasks  is  an  example  .if 
system  capabilities  may  he  i  ncreasel 
i  ncrease  in  parts  count. 

The  desirability  for  long  term  uni  nterrupte  i 
operation  in  clock  applications  guides  the  de¬ 
signer  in  the  choice  of  hardware  impl  enent  it  i  m 
of  the  concepts  discussed  above.  i.ow  power 
dissipation  arri  low  parts  count  are  two  general 
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Conclusion 


...  i's  which  lead  to  reliable  designs.  Micro- 
■  -ior  implementation  of  complex  tasks  can 
lead  to  dramatically  reduced  parts  count.  The 
use  of  CMOS  circuitry  satisfies  the  desire  for 
low  power  dissipation. 

Imp!  ementatlon 

The  1802  microprocessor  was  chosen  to  Imple¬ 
ment  the  new  cesium  frequency  standard  design. 
The  1802  is  an  8  bit  CMOS  microprocessor  with  an 
associated  family  of  CMOS  support  devices. 
Additionally,  direct  interface  with  the  4000  CMOS 
family  of  devices  is  possible.  System  memory  is 
a  2K  X  8  EPROM. 

At  turn-on,  a  self  test  is  initiated  and 
system  monitors  are  examined.  As  soon  as  the 
quartz  oscillator  oven  and  cesium  oven  servos 
have  stabilized,  a  lock  acquisition  routine  is 
initiated.  A  fast  loop  attack  time  is  employed 
to  reduce  the  effects  of  oscillator  turn-on 
transient  behavior. 

User  interaction  is  handled  completely  by 
the  microprocessor.  A  diagnostic  bus  has  been 
included  to  permit  detailed  operational  monitor¬ 
ing  and  to  assist  in  troubleshooting  and  repair. 
A  hardware  failsafe  alarm  circuit  is  activated  by 
malfunction  of  the  microprocessor. 

The  frequency  lock  servo  Is  a  1  kHz  Inter¬ 
rupt-driven  routine,  while  system  monitors  and 
other  servos  run  in  background  routines.  The 
i  nterrupt  routine  digitizes  the  sampled  error 
signal,  scales  the  recovered  value  as  required 
and  integrates  the  result.  Transfer  of  the 
1  ntegrated  result  to  a  digital -to-analog 
converter  completes  the  routine. 


The  application  of  microprocessor  technology 
to  the  cesium  frequency  standard  offers  the 
opportunity  to  realize  improved  clock  performance 
through  better  servos,  better  control  of  the 
atomic  1  nterrogation  process  and  through 
increased  reliability.  Increased  flexibility  of 
instrument  operation  becomes  realizable.  Instru¬ 
ment  upgrades,  modifications  and  repair  become 
more  practical.  Past  warm-up  and  responsiveness 
to  envi rormental  chanqes  are  possible. 
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SUMMARY 

A  research  and  development  program  under¬ 
taken  by  Sigma  Tau  Standards  Corporation  with  the 
support  of  the  United  States  Air  Force^  entitled 
"Light-Weight  Hydrogen  Maser"  has  been  completed. 
Starting  from  now  concepts  for  a  compact  cavity 
maser,  the  work  has  progressed  from  experimental 
optimization  of  the  bulb  and  cavity  through  test¬ 
ing  of  a  breadboard  maser  to  design,  construction, 
and  testing  of  a  first  operational  prototype  named 
the  "Small  Hydrogen  Maser." 

To  achieve  the  program  goals,  several  now 
developments  or  improvements  in  past  practice  were 
required.  Some  of  these  were:  improved  hydrogen 
supply,  better  beam  optics,  new  state  selectors, 
new  techniques  of  cavity  frequency  control  and  Q 
enhancement,  and  more  compact  and  efficient  elec¬ 
tronic  systems.  Recent  experimental  results  with 
the  Small  Hydrogen  Maser  are  presented  in  this 
paper,  and  the  meaning  of  the  improved  technology 
in  terms  of  further  miniaturization  of  hydrogen 
masers  and  also  in  terms  of  improvements  in  large 
bulb  masers  will  be  discussed. 

Key  Words  (for  information  retrieval) 

Hydrogen  Maser,  Atomic  Frequency  Standard,  Compact 
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INTRODUCTION 


The  light-weight  hydrogen  maser  program  was 
a  three  year  project  which  involved  development 
of  a  new  compact  hydrogen  maser  based  upon  design 
principles  illustrated  in  the  paper  "Small, 

Very  Small,  and  Extremely  Small  Hydrogen  Masers," 
which  was  presented  at  the  32nd  Annual  Symposium 
on  Frequency  Control  in  1978.- 


named  the  "Small  Hydrogen  Maser"  was  finalized 
and  the  next  twelve  month  period  was  occupied 
with  construction  and  first  operational  test  of 
this  unit.  Two  papers, presented  at  the  34th 
and  35th  Annual  Symposium  on  Frequency  Control 
described,  in  part,  the  work  up  to  this  point. 

During  the  next  six  month  period,  which 
ended  in  March  1982,  further  measurements  and 
evaluations  of  the  maser  were  made,  and  addi¬ 
tional  work  towards  developing  a  means  to 
stabilize  the  maser  cavity  with  an  automatic 
servo  system  was  undertaken. 

In  order  to  achieve  the  size,  weight,  power 
consumption,  and  performance  goals  of  the  light¬ 
weight  hydrogen  maser  program  it  has  been 
necessary  to  deveiope  several  new  or  improved 
maser  subsystems,  several  of  which  are  listed 
below. 


New  Cavity  and  Bulb  Configuration 
Miniature  State  Selectors 
Efficient  Beam  Optics 

Miniature,  Low  Pressure,  Hydrogen  Supply 
Hydrogen  Purifier  and  Controls 
Active  Cavity  Gain  Circuit 
Efficient,  Compact,  Electronics 
Convenient  Instrumentation  and  Packaging 
A  New  Cavity  Tuning  Servo 


During  the  first  six  months  of  the  program 
exper iments  with  cavities  and  storage  bulbs  with 
various  electrode  con f i gura t i ons  were  performed 
to  determine  the  most  promising  configurations, 
an <1  a  breadboard  test  maser  and  associated 
electronics  svstems  was  designed.  The  next 
twelve  months  was  spent  constructing  the  bread¬ 
board  maser  and  the  associated  subsystems  and 
making  the  first  operational  tests  of  the  maser. 

At  tit  is  point  the  design  of  a  "deliverable 
prototype"  hvdrogen  standard,  which  we  have 


The  work  on  the  light-weight  hydrogen  maser 
program  has  a  significant  impact  on  hydrogen 
maser  technology  in  general.  For  example,  the 
new  cavity  tuning  servo  is  applicable  to  both 
large  and  small  hydrogen  masers,  and  its  use  can 
remove  the  requirement  for  a  separate  stable 
tuning  reference  which  is  needed  to  tune  the 
maser  by  the  usual  spin-exchange  auto-tuning 
method.  In  addition,  new  levels  of  long  term 
cavitv  stability  may  be  achieved  without  com¬ 
promising  the  excellent  short  term  frequency 
stability  of  the  maser.  Since  this  is  the  first 
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known  publication  of  the  new  maser  cavity  tuning 
method,  the  system  principles  will  be  described 
in  detail  later  in  this  paper. 

The  most  important  result  of  the  program 
is  the  knowledge  which  has  been  obtained.  Thus 
we  have  the  design  guide  lines  and  practical 
skills  which  may  make  it  possible  to  achieve 
much  smaller  hydrogen  maser  devices  such  as  the 
"Extremely  Small  Hydrogen  Ma9er"  (which  may  be 
the  ultimate  portable  clock)  and  in  addition 
we  know  how  to  proceed  to  construct  masers  of 
conventional  large  bulb  size  which  may  achieve 
new  levels  of  performance,  have  longer  opera¬ 
tional  life,  and  be  more  economical  to  produce. 

CAVITY  AND  BULB  EVALUATIONS 

To  realize  a  hydrogen  maser  much  smaller 
than  those  constructed  in  the  past,  the  size  of 
the  cavity  which  confines  the  electromagnetic 
radiation  emitted  by  the  hydrogen  atom  must 
somehow  be  reduced  below  the  size  of  an  unloaded 
cavity  resonant  at  the  hydrogen  frequency.  In  the 
present  work  inductive  and  capacitive  structures 
in  the  form  of  metal  electrodes  are  attached  to 
and  surround  the  quartz  bulb  which  stores  the 
state  selected  atoms  of  the  hydrogen  beam.  In  a 
cavity  so  loaded  there  are  typically  a  great  many 
resonant  modes,  some  of  which  may  be  degenerate, 
and  exact  computational  methods  are  impossible  due 
to  the  complexity  of  the  geor-tiy.  Thus,  after 
first  approximations  are  made  .,s  in  reference  (2), 
it  is  necessary  to  set  up  promising  test  in- 
figurations  and  make  laboratory  measurements  of 
frequency,  Q,  mode  geometry,  and  coupling  by  the 
use  of  RF  magnetic  and  electric  field  probes  and 
swept  frequency  techniques. 

During  the  first  six  months  of  the  program 
a  large  range  of  cavity  sizes,  bulb  sizes,  v.id 
electrode  configurations  were  tested.  Further 
measurements  have  more  recently  been  made  of 
extremely  small  structures.  The  required  mode 
(analogous  to  the  TE011  mode  in  an  unloaded 
cavity)  has  been  identified  and  the  parameters 
measured  in  cavity  assemblies  as  small  as  2 . 5 
inches  in  diameter  by  4 . 4  inches  long  up  to  A . A 
inches  diameter  by  11.0  inches  long.  It  is  clear 
that  one  mav  select  most  any  cavity  size  up  to 
that  of  the  unloaded  cavity,  and  with  appropriate 
bulb  size  and  placement  of  electrodes  surrounding 
the  bulb  one  may  achieve  the  required  resonant 
conditions  for  mas»*r  action.  However,  the 
me.isuro'l  qualitv  factor  for  smaller  size  cavities 
falls  a  factor  of  two  or  mor**  below  the  value 
required  in  an  active  maser  oscillator.  Thus  to 
achieve  oscillation  conditions  in  a  compact  maser 
it  is  required  that  active  cavity  ()  enhancement 
he  used  .  As  discussed  lat<*r  a  new  method  of 
active  cavitv  Q  enhancement  has  been  developed 
ind  »s  presently  being  used  on  the  Small  Hvdrogen 

From  n  experimental  configurations  using 
different  combinations  of  cavity  and  bulb  size 
and  1.  2.  1.  *,  and  ft  e  -ctrodes  of  various 

lengths .  the  most  promising  configurations 


were  as 

CAVITY 
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for  the  Small 

Hydrogen  Maser  used  a  2  inch  diameter  by  7  inch 
long  bulb  with  hemispherical  ends.  The  cavity 
inside  dimensions  are  6.0  inches  diameter  and 
9.0  inches  long.  Four  copper  foil  electrodes 
5.0  inches  long  with  .14  inch  gaps  are  cemented 
to  the  bulb  with  a  thermosetting  metal  to  glass 
adhesive  (Palmar  Products  P-752)  with  heat, 
pressure,  and  vacuum.  The  bulb  is  coated 
internally  with  FEP-120  Teflon  prior  to  attach¬ 
ment  of  the  electrodes.  The  cavity  Q  measured 
for  the  completed  assembly  was  10,200.  Tests 
of  cavity  frequency  versus  temperature  under 
vacuum  gave  a  temperature  sensitivity  of 
approximately  5  KHz  per  °C  (3.5  x  10“^  /  °C 
fractionally . ) 

CAVITY  Q  ENHANCEMENT 

To  achieve  oscillation  an  active  cavity  0 
enhancement  method  was  developed  which  could  be 
located  directly  within  the  cavity  and  controlled 
hv  DC  bias  voltages.  This  system  avoids  the 
instabilities  inherent  in  past  attempts  to  use 
active  gain  to  enhance  the  cavity  Q,  wherein  two 
RF  coupling  loops  are  used  to  connect  through 
coaxial  cable  to  amplifiers,  phase  shifters,  and 
band  pass  filters  located  external  to  the  cavi  tv- 
environment.  The  present  circuit  uses  a  single 
low  noise  transistor  connected  to  two  small 
coupling  loops  inside  the  cavity  top.  One 
capacitor  tunes  one  of  the  loops  to  limit  the 
amplifier  bandwidth  and  gain  to  he  near  the 
maser  frequency  and  reject  unwanted  mode 
frequencies.  The  circuit  Q  is  low  in  comparison 
to  the  cavity  unenhanced  Q  and  the  frequency  of 
the  cavity  with  Q  enhancement  follows,  to  the 
extent  presently  determined,  the  frequency  of  the 
unenhanced  cavity. 

With  the  active  Q  enhancement  circuit  it 
has  been  possible  to  realize  Q  values  from 
In, 000  (unenhanced)  up  to  approximately  100, Pim 
With  two  bias  connections,  it  has  also  been  four.’, 
possibln  to  smoothly  vary  the  frequency  over  - 
range  of  approximately  150  KHz  while  simultane¬ 
ously  maintaining  the  Q  at  the  desired  value. 

The  ability  to  change  the  frequency  of  the 
cavity,  while  maintaining  constant  cavity  Q,  i  *■> 
the  basis  for  a  new  automatic  cavi tv  tuning 
method  which  was  conceived  and  first  applied  to 
the  Small  Hydrogen  Maser. 
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NEW  CAVITY  TUNING  SERVO 

Since  the  hydrogen  maser  was  invented  it  has 
been  a  tantalizing  dream  to  lock  the  cavity  to 
the  maser  frequency  in  a  simple  way  and  so 
eliminate  cavity  pulling.  Cavity  pulling  has 
been  the  most  serious  limitation  to  the 
stability  of  the  maser  for  measuring  times 
greater  than  approximately  1,000  seconds,  and 
elimination  of  this  effect  would  result  in  quite 
unprecedented  frequency  stability.  Spin- 
exchange  tuning  has  been  used  very  successfully 
in  the  past,5  but  this  requires  a  separate 
stable  tuning  reference,  large  variation  in 
beam  intensity,  and  long  integration  times. 

People  working  with  both  passive  and  active 
masers  have  used  another  cavity  tuning  scneme 
wherein  a  separate  search  signal  is  injected 
into  the  cavity  with  the  frequency  alternating 
between  two  values  approximately  at  the  half 
power  points  of  the  cavity  resonance.  The 
signal  transmitted  by  the  cavity  is  sampled,  and 
amplitude  variations  are  detected  as  a  signal 
source  for  a  servo  system. 6, 7,8  This  system  has 
the  serious  disadvantage  of  having  relatively 
high  power  RF  signals  near  the  maser  frequency 
u,l> i ch  perturb  the  radiating  hydrogen  atoms,  and 
additionally  requires  external  RF  components 
and  at  least  two  coaxiaL  connections  to  the 
cavity;  the  oroblem  of  environmental  isolation 
i*  severe  and  this  system  is  extremely  difficult 
to  engineer  in  a  manner  which  does  not  in  itself 
disturb  the  cavity  frequency. 

To  describe  the  physical  basis  of  the 
present  approach  to  cavity  tuning,  the 
interaction  of  the  radiated  beam  power  with 
the  cavity  impedance  is  illustrated  in  Figure  1. 
The  signal  output  V  appears  as  though  it  were 
coupled  through  a  resonant  impedance  Z  and  fed 
by  a  constant  current  source.  The  constant 
current  source  derives  from  the  oscillating 
magnetic  moment  of  the  assemblage  of  atoms 
within  the  maser  storage  bulb  and  it  is  effec¬ 
tively  constant  for  times  short  compared  to  the 
relaxation  time  of  the  atoms. 

In  the  new  method  of  tuning,  the  cavity 
frequc»ncv  is  square  wave  nodulated  and  a 
non- tuned  condition  is  evidenced  by  a 
corresponding  modulation  of  maser  signal  amplitude 
as  observed  at  tin*  maser  receiver.  This  is 
illustrated  in  Figure  2.  The  cavity  frequency  is 
switched  between  f^  and  f^  at  a  tvpical  rate 
of  a  few  hundred  Hertz.  Tf  the  average  cavity 
frequency  is  not  equal  to  the  maser  frequency, 
there  is  a  modulation  (V,  -  Vj )  produced  on  the 
output  amplitude.  By  synchronous lv  detecting 
variations  in  the  received  signal  amplitude  and 
feeding  then  back,  after  appropriate  amplification 
ind  integration,  as  frequency  corrections  to  the 
cavitv.  the  average  cavity  frequency,  f c ,  is  made 
equal  to  th"  maser  frequency. 

Since  cavity  pulling  of  the  maser  is  linear 
-it 4 1  cavitv  offset  frequency,  the  average  pulling 
effect  i*  that  of  a  cavity  maintained  at  the 
average  of  the  two  modulation  frequencies.  The 


cavity  pulling  coefficient  is  therefore  the  usual 
relationship  for  an  active  hydrogen  maser  as  given 
in  Figure  2;  when  the  cavity  is  tuned  the  average 
cavity  frequency  equals  the  maser  frequency - 
Figure  3  is  a  block  diagram  of  the  overall  servo 
system.  There  is  a  modulation  generator  which 
modulates  the  cavity  frequency;  the  maser  receiver 
IF  amplitude  is  synchronously  detected,  amplified* 
averaged  in  a  digital  integrator,  and  fed  back  as 
a  DC  cavitv  correction  voltage. 

This  somewhat  simplified  description  requires 
elucidation  well  beyond  the  scope  of  the  present 
paper  to  take  into  account  second  order  effects 
such  as  possible  inequality  of  cavitv  '  s , 
differences  in  the  modu  1  at  i  or.  periods,  spin- 
exchange  pulling  and  the  means  to  cancel  it. 
random  noise  processes,  systematic  disturbances, 
and  other  potential  problems  or  benefits.  A 
brief  discussion  of  the  most  important  factors 
is  contained  in  the  next  section.  It  should 
be  emphasized  that  there  is  only  one  RF  coupling 
to  the  cavity  in  this  system  -  the  usual  receiver 
output  coupling,  and  the  tuning  system  itself 
requires  only  a  few  low  frequency  solid  state 
circuits  besides  the  means  for  varying  the  cavitv 
frequency . 

The  above  system  is  working  at  present  on  tin- 
Small  Hydrogen  Maser.  While  the  servo  system  is 
not  yet  likely  optimum,  the  statistical  variations 
in  the  cavitv  correction  voltage  indicate  that 
cavitv  drift  is  being  effectively  cancelled  wit!, 
an  attack  time  short  enough  to  eliminate 
systematic  environmental  disturbances. 

It  should  he  pointed  out  that  the  cavity 
servo  described  herein  is  eminently  applicable  to 
conventional  large  bulb  hydrogen  masers  is  w»-il 
as  compact  masers.  Two  critical  conditions  ir* 
required  for  its  successful  application,  on-,  is 
that  the  maser  be  onerated  well  above  threshold 
>o  that  a  good  signal  to  noise  ratio  of  the  mns*r 
output  signal  is  obtained,  tin*  second  is  that  a 
convenient  moans  for  rapidly  modulating  the 
cavity  resonance  frequency  while  maintaining 
constant  quality  factor  is  available.  In  the 
Snail  Hydrogen  Maser  tie*  active  gain  circuit  !'i.e 
voltages  provide  the  pi  'wr  cavitv  control;  in  a 
large  maser  without  active  avitv  gain,  a 
reactive  element  such  as  varactor  diode  could  al^o 
he  used.  It  should  he  pointed  out  that  tin- 
ability  to  modulate  the  cavitv  frequen  v  or  q'  •.  o 
a  reproducible  manner  facilitates  other  a; - 
proaches,  in  addition  the  one  described  ,»<  v*  in. 
to  tuning  th**  cavity  so  as  to  stabilize  or 
eliminate  cavity  frequenev  offset  .  Thus  if  tl.«- 
cavity  0  is  modulated  with  the  f requeues  held 
constant  there  is  a  phase  mt  ulation  of  the  out¬ 
put  signal  when  untuned  which  when  nulled  pro¬ 
duce*  a  null  cavi f\  frequency  offset.  This 
scheme  has  also  been  «ujl  ce«s  ful  1  v  tried  on  the 
Small  Hydrogen  Mas*-r,  but  with  the  present 
receiver  configuration  it  produces  larger 
probable  errors . 

CAVITV  SERVO  NOISE  PROCESS! 

There  are  several  potential  noi<«*  sources  or 
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•y*teroAtic  biases  which  need  to  be  considered 
to  determine  the  accuracy  or  stability  of  cavity 
tuning  and  the  possible  correction  rate  of  the 
servo.  The  most  obvious  potential  error  source 
is  inequality  of  the  cavity  Q'e  at  the  two 
modulation  frequencies  fj  and  f2*  For  stability, 
the  Q's  must  only  be  relatively  stable;  this  does 
not  appear  to  be  a  serious  problem  because  the 
frequency  modulation  is  very  small  in  comparison 
to  the  cavity  center  frequency. 

For  accuracy,  the  Q's  may  be  calibrated  upon 
initial  operation  of  the  maser  so  that  the  tuning 
point  is  located  such  that  it  just  compensates 
for  spin-exchange  pulling.  This  is  done  by  the 
usual  spin-exchange  tuning  procedure.  Thus  in 
subsequent  operation  spin-exchange  pulling  of  the 
maser  is  compensated  by  the  cavity  calibrated 
offset.  Small  variations  of  the  cavity  tuned 
position  may  also  be  achieved  by  creating  small 
differences  in  the  modulation  periods.  With  the 
above  procedure  the  only  concern  is  higher  order 
systeratic  drift  effects.  These  should  be  small, 
but  experimental  confirmation  of  their  magnitude 
will  be  required. 

The  cavity  servo  instability  process  of  most 
concern  is  the  effect  of  maser  output  random 
amplitude  variations  as  seen  at  the  receiver. 

The  most  prominant  source  of  amplitude  noise  is 
the  thermal  noise  power  as  increased  by  the  noise 
factor  of  the  cavity  circuit  and  the  maser 
receiver  input  stage.  Letting  N  be  the  total 
noise  factor  and  B  the  bandwidth  of  the  servo 
system,  the  noise  to  signal  ratio  is  given  by 

Ya  -  /gktnb 

Vs  V  2P 

where  P  is  the  signal  power  coupled  out  of  the 
cavity  and  G  is  the  power  gain  of  the  cavity  Q 
enhancement  circuit.  The  bandwidth  of  the  servo 
system  is  given  b /  B  e  1/ ( 2ttt )  where  T  is  the 
time  constant  of  the  servo  system. 


For  a  voltage  signal  of  amplitude  Vn, 
analysis  of  the  cavity  impedance  function  gives 
a  corresponding  offset  in  cavity  frequency  of 


4A 


Xa 

Vs 


where  A  =  ( f2  -  fi^/fCw  anc*  *cw  is  the  cavity 
width  at  the  half  power  points. 


The  minimum  value  of  Kc  occur*  when  A  *  1//2, 
which  give*  £2  -  fl  ■  fCw/^2.  However,  in  prac¬ 
tice,  it  i*  better  to  operate  with  slightly 
amaller  modulation  *ince  the  received  maser  aver¬ 
age  power  i*  also  a  function  of  the  frequency  mod¬ 
ulation  amplitude.  Typical  value*  used  in  the 
Small  Hydrogen  Maser  are  £2  -  fl  ■  6  KHz, 
fcw  *  20  KHz  and  Kc  *  .95  (the  minimum  value  of  Kc 
would  be  .65.) 

The  servo  time  constant,  or  integration 
time,  should  be  chosen  so  that  corrections  occur 
fast  enough  to  remove  systematic  maser  cavity  per¬ 
turbations.  The  largest  effects  which  require 
correction  in  active  hydrogen  masers  are  temper¬ 
ature  transients  or  long  term  creep  or  other  di¬ 
mensional  changes  in  the  cavity  materials ^  A 
servo  time  constant  of  1000  seconds  provides  fast 
enough  response  to  remove  these  effects.  Using 
the  foregoing  information  and  typical  parameters 
for  3  different  maser  designs  (LHM  »  "Large 
Hydrogen  Maser,"  SHM  *  "Small  Hydrogen  Maser," 

ESHM  ■  "Extremely  Small  Hydrogen  Maser")  the 
following  chart  has  been  assembled. 


LHM 

SHM 

ESHM 

T 

1000s 

1000s 

1000s 

Pw 

10'12 

7  x  10~13 

5  x  10'13 

T°K 

320 

320 

320 

G 

1 

6 

12 

N 

2 

4 

4 

Ql 

2  x  109 

7  x  108 

3  x  10® 

an(T) 

4  x  10~16 

5  x  10~15 

2  x  10‘14 

From  the  above  it  is  clear  that  the  random 
cavity  thermal  noise  perturbations  of  the  servo 
system  should  be  adequately  small.  There  are,  of 
course,  potential  error  sources  in  the  synchro¬ 
nous  detector  and  amplifier  and  in  the  DC  ampli¬ 
fier  used  subsequently  in  the  servo  system.  Meas¬ 
urements  on  the  presently  operating  system  indi¬ 
cate  that  these  error  sources  are  small  in  a  prop¬ 
erly  designed  circuit,  but  careful  signal  proc¬ 
essing  considerations  are  required. 


If  the  cavity  is  offset  by  an  amount  Af c , 
the  maser  is  pulled  by  an  amount 

• 

f  "  Ql  f 

From  the  above  equations  the  maser  fractional 
frequency  instability  induced  by  the  servo  is 


SMALL  HYDROGEN  MASER  PHYSICAL  ASSEMBLY 

Figure  4  is  an  assembly  drawing  of  the 
physics  unit  of  the  SHM  which  identifies  the  main 
parts  and  gives  the  basic  dimensions.  Figure  5 
is  a  picture  of  the  physical  parts  prior  to  final 
assembly.  Figure  6  is  a  bottom  view  which  shows 
the  source  bulb,  RF  dissociator  components,  pres¬ 
sure  gauge  and  hydrogen  supply.  Figure  7  is  a 
picture  of  the  vacuum  enclosure,  source  assembly 
and  Ion  Pump. 


where 


Kc 


(1  +  Ar  &  . 

U‘. 


The  weight  of  the  assembled  physics  unit  is 
approximate ly  50  pounds.  One  aspect  of  this  as¬ 
sembly  which  will  be  changed  in  future  designs  is 
the  use  of  two  state  selectors.  A  single  state 
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low  pressure. 


selector  with  tapered  pole  tips  will  be  used  in 
future  designs  and  this  will  reduce  the  maser 
weight  and  height  and  increase  the  hydrogen  utili¬ 
zation  efficiency.  The  reasons  for  the  present 
configuration  and  the  reasons  for  changing  it  in 
the  future  are  discussed  in  the  next  section. 

SHM  STATE  SELECTION 


The  original  concept  for  the  SHM  design  did 
not  anticipate  use  of  the  active  cavity  Q  en- 
hancomont  circuit.  Thus ,  to  achieve  oscillation 
conditions  it  was  essential  that  spin-exhange 
broadening  of  the  atomic  resonance  line  be  avoid¬ 
ed.  To  do  this  it  was  planned  to  use  a  novel  sys¬ 
tem,  using  two  state  selectors,  which  focussed 
only  the  F  =  l,  m  *  0  state  into  the  storage  bulb. 

A  shielded  region  with  magnetic  coils  was  provided 
between  the  two  state  selectors  wherein  the  F  =  1 , 
m  ~  1  state  was  changed  to  an  F  =  1,  m  =  -1  state 
and  was  subsequently  de focussed,  while  the  F  =  1, 
m  -  0  state  remained  unchanged.  In  tests  with  the 
breadboard  hydrogen  maser  it  appeared  that  this 
state  selection  system  worked.  However  the  overall 
efficiency  was  not  very  good  and  a  very  high 
source  flux  was  required  to  get  a  reasonable 
signal.  The  beam  was  only  detected  by  pulse  stim¬ 
ulation  and  the  maser  would  not  oscillate.  A  con¬ 
tributing  factor  was  that  the  achieved  cavity  Q 
was  lower  than  anticipated. 

With  the  realization  of  a  practical  circuit 
for  cavity  Q  enhancement,  two  state  selectors  are 
not  required.  The  SHM  at  present  still  uses  the 
two  state  selectors  as  it  was  too  late  to  change 
the  spacings,  however  the  coils  and  shielded  re¬ 
gion  between  the  state  selectors  have  been  re¬ 
moved,  and  the  second  state  selector  has  an  aper¬ 
ture  which  is  twice  as  large  as  the  first  one. 

Thus  the  effect  is  almost  the  same  as  use  of  a 
single  uni t . 

The  most  efficient  state  selection  system  is 
one  which  uses  a  small  tapered  quadrupole  con¬ 
figuration  . An  example  of  a  one  inch  long  unit 
is  shown  in  Figure  8.  This  unit  is  the  same  over¬ 
all  size  as  one  of  the  state  selectors  used  in  the 
SHM.  but  the  magnetic  circuit  has  been  designed  so 
that  the  pole  tip  aperture,  taper,  and  gaps  may  be 
adjusted  after  the  state  selector  is  assembled. 

Wlii  Ip  hydrogen  flux  utilization  is  not  too  large 
in  the  present  SHM,  typically  .OS  moles  per 
year,  this  should  be  improved  by  a  factor  of  about 
'»  with  the  use  of  the  new  state  selector. 

HYDROCFN  STORAGE  AND  SUPPLY 

Hydrogen  storage  in  a  pressure  vessel  has 
been  used  verv  successfully  in  the  past  to  contain 
an  adequate  supply  for  many  years  of  hydrogen 
maser  operation.  Typically  a  one  liter  bottle 
with  1  , f mo  PSI  of  hvdregen  is  used.  The  bottle 
contains  about  1  moles  (H.,)  and  would  last  AO 
years  m  the  small  maser.  However,  such  a  large 
*- i  ze  hortle  at  high  pressure  is  not  desireable  in 
a  compact  maser,  nor  should  it  be  required,  since 
recent  metal  hvdride  research  has  resulted  in  the 
availability  of  manv  a  1 1 ov  combinations  which 
store  high  densities  of  hydrogen  at  relatively 


The  hydrogen  supply  system  of  the  small  hy¬ 
drogen  maser  uses  a  small  stainless  steel  bottle 
with  a  volume  of  34  cc  which  contains  1.25  moles 
of  hydrogen  absorbed  in  18*  ,.ms  of  an  alloy  of 
cerium  free  mischmetal  and  ».:ckel,  The  hydrogen 
is  valved  to  the  source  by  a  palladium-silver 
purifier  and  the  source  pressure  is  controlled  by 
a  thermistor  pirani  gauge.  The  entire  system  is 
designed,  constructed  and  assembled  in  house,  and 
requires  only  about  3  watts  of  total  1>-C  power  to 
operate . 

SHM  PACKAGING,  ELECTRONICS,  AND  CONTROLS 

Figure  9  is  a  picture  of  the  Small  Hydrogen 
Maser  within  the  mounting  framework  illustrating 
the  electronics  subsystems  placement  and  controls 
arrangement . 

The  electronics  subsystems  have  been  pack¬ 
aged  in  functionally  separate  modules,  each  of 
which  may  be  uncovered  for  operational  testing 
without  disconnection  of  power.  They  may  also  be 
removed,  repaired,  or  replaced  as  units  in  case 
of  malfunction.  The  modules  on  the  front  panel 
are:  1.  Vac-Ion  Pump  supply;  this  is  a  DC-DC 

converter  which  provides  3,000  volts  for  the  pump, 
2.  The  source  pressure  control  module  which  auto¬ 
matically  regulates  hydrogen  flow,  3.  The  re¬ 
ceiver  synthesizer;  this  supplies  the  405  KHz 
reference  frequency  for  the  receiver  phase  lock 
loop  -  there  are  11  decades  of  control  which 
give  a  resolution  of  i  5  x  10*15  for  the  output 
frequency,  4.  The  receiver  VCO  and  output 
buffer  amplifiers,  5.  The  receiver  local 
oscillator  multiplier  and  IF  amplifier  module, 

6.  The  module  containing  the  magnetic  field  and 
cavity  frequency  controls,  7.  The  instrumenta¬ 
tion  read-out  module.  There  are  16  read-out 
channels  which  are  selected  by  4  binary  coded 
switches  to  provide  visual  indication  of  variables 
on  a  4  %  decade  digital  panel  meter. 

The  power  supply  has  been  placed  in  a  module 
mounted  at  the  rear  of  the  frame.  The  cover  may 
be  removed  for  changing  connections  or  trouble 
shooting  without  disconnecting  the  power.  Batter¬ 
ies  for  uninteruptable  standby  operation  are 
placed  in  a  separate  external  battery  pack.  For 
long  term  operation  without  A-C  power,  a  45  A-H 
capacity  battery  is  used  which  will  last  for 
twenty  hours . 

FUTURE  WORK 

There  are  two  main  goals  which  Sigma  Tau 
Standards  Corporation  plans  to  pursue  as  a 
continuation  of  the  present  work.  One  is  to 
undertake  research  and  development  of  an 
"Extremely  Small  Hydrogen  Maser"  with  the  goal 
of  providing  the  ultimate  "portable  clock." 

The  goals  for  the  "ESHM"  are  as  follows: 

EXTREMELY  SMALL  HYDROGEN  MASER  GOALS 

CONFIGURATION:  Active  hydrogen  maser  with 
automatic  cavity  servo. 


244 


STABILITY:  Better  th«n  1  x  lO*!4  for 

T  *  l(p  to  10^  »econd»  and  activt 


SETTABILITY :  t  5  x  10"* 3  ^  resolution. 

SIZE:  Physics  Unit  5"  diameter  by  12"  long 
plus  8  Liter/second  Ion  Pump. 

WEIGHT:  Physics  unit  and  pump,  30  pounds. 

POWER:  35  watts  nominal,  45  watts  maximum 
total  main  DC  input. 

The  second  goal  is  to  produce  the  best 
ground  based  standard  for  fixed  stations  or  basic 
time  and  frequency  standards  laboratories.  To  do 
this  it  is  planned  to  construct  hydrogen  masers 
with  a  large  storage  bulb  configuration.  The  goals 
for  the  "Large  Hydrogen  Maser"  are  as  follows: 

LARGE  HYDROGEN  MASER  GOALS 

CONFIGURATION:  Active  hydrogen  maser  with 
automatic  cavity  servo. 
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Figure  1.  Interaction  of  Radiated  Beam  Power  with  Cavity 
Impedance 
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Figure  2.  Signal  Modulation  Induced  by  Cavity  Frequency 
Switching 
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Figure  3.  New  Cavity  Servo  Svstem 
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EXTREMELY  SMALL  HYDROGEN  MASER 


Figure  4.  Small  Hydrogen  Maser  Physics  Unit 


Figure  5.  Small  Hydrogen  Maser  Physical  Parrs  Prior  to 
Assembly 


Figure  6.  Bottom  View  of  Source  Assembly 
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Figure  7.  Vacuum  Enclosure,  Source  Assembly,  and  Ion  Pump 


Figure  9,  Small  Hydrogen  Maser  Overall  Assembly 
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Oscillating  compact  hydrogen  masers  CKYMNS-I 
and  II  and  their  stability  performance  are 
described.  Both  masers  have  the  same  principle  of 
operation,  but  are  quite  different  in  size  and 
weight.  This  is  made  possible  by  the  versatile 
compact  cavity  design.  The  expected  sacrifice  in 
performance  as  the  uize  of  the  maser  is  reduced 
can  be  seen  in  the  stability  data.  CHYMNS-I 
employs  a  cavity  of  15  cm  O.D.  x  15  cm  long  and  has 
a  measured  root  Allan  variance  of  o  (i)  = 

6.6  x  10-14  for  x  =  100  sec.  For  the  smaller 
maser,  CHYMNS-I I,  the  corresponding  values  are: 
cavity,  11  cm  O.D.  x  15  cm  long,  and  cy(r)  = 

1.3  x  10~^  for  T  =  ioo  sec.  Of  greater  interest 
in  considering  device  applications  is  the  excel¬ 
lent  long  terra  stability  of  cv(0  *  4  x  10“15  lor 
t  =  105  sec  that  had  been  measured  during  a  direct 
comparison  between  the  two  compact  masers.  This 
result  illustrates  the  effectiveness  of  the  elec¬ 
tronic  cavity  stabilization  technique  used  in 
overcoming  environmental  perturbations  and,  con¬ 
sequently,  assuring  a  long  term  stable  maser  fre¬ 
quency  output . 


Introduction 

The  design,  fabrication  and  test  of  the 
oscillating  compact  maser,  CHYMNS-I,  has  been  pre¬ 
viously  described.^  The  objective  of  CHYMNS-I  was 
•_o  demonstrate  that  a  cavity  Q-enhancement  tech¬ 
nique  can  be  used  to  obtain  sustained  maser  oscil¬ 
lation  in  a  compact  cavity.  The  superior  signal- 
to-noise  ratio  of  an  oscillator  and  the  simplified 
electronics  would  facilitate  the  development  of  a 
frequency  standard  of  excellent  performance. 
Obviously,  an  effective  electronic  cavity  stabili¬ 
zation  servo  system  would  be  essential  to  overcome 
the  susceptibility  of  an  external  feedback  system 
to  environmental  perturbations.  On  the  other  hand, 
such  a  system  would  provide  improved  long  term  1 
maser  performance  compared  to  conventional  masers 
where  cavity  stabilization  is  based  on  thermal^^ 


mechanical  considerations.  The  objective  of 
CHYMNS-I  was  successfully  accomplished  as  described 
in  Reference  1. 

Even  as  the  viability  of  the  design  was  being 
demonstrated,  an  interesting  problem  arose:  how 
the  long  term  stability  of  the  oscillating  compact 
maser  can  be  measured.  The  conventional  maser 
design  is  known  to  have  long  term  drifts.  One 
solution  is  to  build  more  units  similar  to 
CHYMNS-I.  However,  some  interesting  considerations 
suggest  another  approach.  Since  the  compact  cavity 
design^  used  in  CHYMNS-I  permits  easy  size  scaling, 
the  same  basic  design  can  be  employed  in  a  more 
compact  maser.  Also,  a  smaller  package  is  more 
attractive  for  application.  Although  the  in¬ 
creased  wall  collision  rate  and  higher  losses  in  a 
more  compact  cavity  is  expected  to  lead  to  some 
degradation,  particularly  in  the  short  term  regime, 
superior  long  term  stability  performance  will  be 
maintained.-  Thus,  by  building  a  second,  much 
smaller  maser,  CHYMNS-I I,  wc  will  provide  further 
evidence  of  long  term  stability  performance  capa¬ 
bility  of  oscillating  compact  masers.  At  the  same 
time,  we  will  also  obtain  experimental  data  on 
performance  as  a  function  of  size.  Design  and  fab¬ 
rication  of  CHYMNS-I I,  a  photograph  of  which  is 
shown  in  Figure  1,  was  completed  in  1981. 

In  this  paper,  we  will  briefly  update  develop¬ 
ments  in  compact  maser  technology  and  discuss  the 
stability  data  of  these  developmental  masers. 


Compact  Maser  Update 


The  paramete 
hydrogen  masers. 
Table  I.  As  ment 
the  same  basic  de 
Si  ice  these  have 
erence  1,  they  wi 
a  few  significant 
described  below, 
these  development, 
tate  experimentat 


rs  of  the  oscillating  compact 
CHYMNS-I  and  II,  are  given  in 
ioned  earlier,  the  masers  employ 
sign  and  fabrication  technique, 
been  described  in  detail  in  Ref- 
11  not  be  repeated  here.  However, 
improvements  or  modifications  are 
It  should  be  pointed  out  that 
al  masers  are  designed  to  facili- 
ion  where  fast  turn-around  is  a 
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Figure  1.  A  photograph  of  the  physics  unit 
of  the  oscillating  compact  hydro¬ 
gen  maser,  CHYMNS-II. 


Table  1.  Parameters  of  CHYMNS 
Oscillating  Compact 
Hydrogen  Masers 


CHYMNS- I 

CHYMNS- 11 

Cavity : 

Dimensions,  cm 

15  0. 1).  x  13  !. 

11  o.n.  x  15  L 

Loaded  0 

Coupling  Coeff 

94(10 

7000 

(2  ports) 

0.2 

0.2 

Enhanced 

Temp  Coeff, 

40600 

■49000 

kHz/ °C 

Tuning  Sensi- 

16 

22 

tivity,  kHz/V 

0.88 

1. 1 

Storage  Bulb 

Dimensions,  cm 

10O.D.  x  11.4  I. 

5.7  0.1).  x  in 

Atomic  Line  Q 

1  x  lo'- 

9  X  ]08 

Stab i 1 i tv 

(10-  t-  HP  K,T> 

Packaged  Physics 

In  it  (Est .  ) 

6.6  x  10" 1  V»7 

i . i  x  io‘l2/»T 

Dimensions,  cm 

28  n.D.  x  60  L 

22  o.n.  X  40  I. 

Weight,  kg 

30 

14 

desirable  feature.  We  have  therefore  not  spent 
much  effort  on  packaging.  On  the  other  hand,  we 
believe  that  there  is  general  interest,  especially 
among  system  planners,  in  the  size  and  weight  of 
the  device.  The  dimensions  for  a  packaged  physics 
unit  shown  in  Table  I  represent  our  estimate  of  the 
capabilities  of  current  technology  based  on  a 
choice  of  the  indicated  cavity  geometry. 

As  indicated  in  Reference  1,  we  suspected 
that  a  poor  storage  bulb  coating  in  CHYMNS- I  was 
responsible  for  the  relatively  poor  line  Q  of 
6  x  10®  obtained  during  earlier  tests.  Indeed,  by 
recoating  the  bulb,  an  improved  line  Q  of  lx  10^ 
was  obtained.  In  view  of  the  measured  line  Q  of 
9  x  10®  obtained  in  CHYMNS- II  in  a  storage  bulb 
with  a  diameter  almost  a  factor  of  two  smaller, 
there  is  probably  more  room  for  improvement. 

In  addition  to  the  smaller  cavity  and  the 
resultant  more  compact  size,  the  most  significant 
difference  between  CHYMNS- 1  and  II  is  in  the  hydro¬ 
gen  flow  system.  CHYMNS-II  employs  a  quadrupole 
state  selector  magnet^  instead  of  the  conventional 
hexapole.  The  quadrupole  magnet  with  a  geometry 
of  3.8  cm  diam  x  3.2  cm  long  x  0.025  cm  bore 
radius,  and  weighing  362  gm,  is  considerably 
smaller  and  lighter  than  the  hexapole  magnet  used 
in  CHYMNS- I.  Furthermore,  the  small  bore  radius 
produces  a  higher  field  gradient,  and  consequently, 
a  greater  deflection  force.  This  property  per¬ 
mits  the  use  of  a  shorter  beam  drift  space,  leading 
to  a  shorter  overall  maser  length. 

A  new  quartz  dissociator  design  making  use  of 
the  excellent  thermal  mechanical  property  of  a 
moly-quartz  transition  also  contributes  to  maser 
length  reduction.  Compared  to  the  pyrex  dissocia¬ 
tor  used  on  CHYMNS- I,  the  new  design  is  about  3  cm 
shorter.  The  low  rf  loss  property  of  fused  quartz 
allows  easy  electrical  tuning  for  self-ignition  and 
efficient  hydrogen  atom  production  at  low  rf  drive 
power  levels.  The  single  channel,  0.013  cm  diam  x 
0.1  cm  long,  collimated  output  reduced  considerably 
the  hydrogen  throughput  of  the  system,  relaxing 
vacuum  pump  speed  and  capacity  requirements. 

In  view  of  the  problems  past  maser  designs 
have  had  with  ion  pumps,  concerted  efforts  are 
being  made,  both  in  our  laboratory  and  elsewhere,14 
to  minimize  reliance  on  ion  pumps  for  maser  vacuum 
maintenance.  Both  CHYMNS- I  and  II  employ  a  combi¬ 
nation  getter  and  ion  pump  system.  The  idea  is  to 
let  the  getter  pump  handle  most  of  the  hydrogen  gas 
load.  A  small  ion  pump  is  used  to  pump  residual 
gases  that  are  not  gettered.  Size  and  weight  con¬ 
siderations  lead  us  to  select  molded  zirconium 
graphite  (ST-171)^  as  the  getter  material.  Ion 
pumps  of  8- /sec  and  2- /sec  pumping  speed  are  in¬ 
stalled  on  CHYMNS- I  and  II,  respectively.  The 
2. /sec  ion  pump  has  operated  continuously  and  ade¬ 
quately  for  several  months.  But  a  gradual  rise  in 
ion  pump  current  indicating  an  increase  in  system 
pressure  with  time  was  observed.  This  is  probably 
due  to  a  drop  in  getter  pumping  speed,  since  the 
hydrogen  flow  rate  was  held  fairly  constant.  We 
also  believe  that  the  elastomer  seals  in  the  maser 
are  detrimental  to  getter  pump  operation.  Separate 
experimental  results  have  indicated  that  the  getter 
hydrogen  pumping  speed  degrades  faster  in  the 
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presence  of  elastomer  materials.  The  problem  can 
be  alleviated  by  eliminating  elastomers  from  the 
maser  vacuum  system.  If  size  and  weight  are  not 
critical  considerations,  a  different  getter,  zir¬ 
conium  aluminum  (ST-101),^  may  be  a  superior  getter 
material.  The  powdered  getter  is  coated  on  pleated 
mechanical  supports,  resulting  in  a  large  gettering 
surface  area,  with  a  corresponding  increase  in  size 
and  weight.  In  addition  to  the  high  pumping  speed, 
it  seems  to  be  more  resistant  to  poisoning  by 
residual  gases.  Much  developmental  effort  remains 
to  make  getter  pumps  a  reliable  component  of  the 
maser.  However,  it  looks  much  more  promising  than 
the  ion  pumps  in  contributing  to  significantly 
improved  reliability  of  the  maser. 

Stability  Performance 

A  schematic  diagram  of  the  set-up  used  to 
determine  maser  stability  performance  is  shown  in 
Figure  2.  The  system  employs  a  dual-mixer- time- 
difference  (DMTD)^  technique,  and  the  data  pro¬ 
vide  both  phase  and  frequency  information.  Timing 
reference  for  the  system  is  provided  by  the  refer¬ 
ence  maser.  The  common  oscillator  for  the  DMTD  is 
a  frequency  synthesizer  which  can  be  set  to  give  a 
convenient  beat  frequency.  The  measurement  inter¬ 
val  is  given  by  the  product  of  the  beat  period  and 
the  number  of  time  interval  counter  readings  to  be 
averaged  to  give  one  data  point.  The  computer  con¬ 
trolled  data  acquisition,  analysis  and  plotting 
programs  greatly  facilitate  the  measurement 
process . 


i _ i 
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Figure  2.  Schematic  of  stability 
measurement  set-up. 

Notice  that  the  functions  of  the  reference 
maser  and  the  maser  under  test  are  easily  inter¬ 
changed.  This  flexibility  is  very  useful  since  a 
conventional  maser,  the  VLG-11,  p  10, ^  is  also 
available.  The  three  masers  make  possible  simul¬ 
taneous  comparison  of  more  than  one  pair  of  masers 
However,  the  interconnections  of  the  three  masers 
to  the  measurement  system  require  care  to  prevent 
accidental  interference.  The  addition  of  external 
isolation  amplifiers  to  the  already  buffered  out¬ 
puts  of  the  masers  is  such  a  precaution.  There  is 
also  concern  about  possible  frequency  lock-up 
ht-twcin  masers  operating  at  the  same  frequency  and 


physically  located  close  together.  However,  the 
probability  for  this  occuring  in  the  three  masers 
in  our  laboratory  is  small  since  the  masers  are 
very  different  in  size,  with  correspondingly  dif¬ 
ferent  storage  bulbs.  The  different  wall  collision 
rates  and  the  resultant  proportional  frequency 
shifts  mean  that  the  masers  actually  operate  at 
three  different  frequencies.  Although  we  have  not 
made  a  systematic  wall  shift  determination,  the 
maser  oscillating  frequencies  are  easily  deduced 
from  the  receiver  synthesizer  settings  required  to 
synchronize  the  5  MHz  standard  outputs.  Taking 
into  account  the  Zeeman  effect  and  making  sure  that 
the  maser  is  spin  exchange  tuned  so  that  there  is 
no  cavity  induced  frequency  shift,  the  oscillating 
frequencies  of  CHYMNS-I  and  II  are,  respectively, 
-1.26  x  10“ I*  and  -2.63  x  10“H,  offset  from  that  of 
the  VLG-11.  It  is  not  unreasonable  to  assume  that 
these  shifts  are  due  to  wall  collisions.  With  such 
relatively  large  offsets  and  proper  precautions 
exercised,  the  probability  for  frequency  lock-up 
between  the  masers  is  greatly  diminished. 

Samples  of  stability  data  are  shown  in 
Figures  3  and  4.  For  each  run,  the  phase  data  and 
the  computed  root  Allan  variance  are  plotted.  The 
plot  label  indicates  the  masers  used  in  the  com¬ 
parison  and  the  date  of  the  run.  Near  the  bottom 
of  the  plot,  other  pertinent  information,  such  as 
the  computed  average  phase  and  frequency,  their 
standard  deviations,  the  number  of  data  points,  and 
the  interval  between  measurements  are  also  listed. 
In  addition  to  the  raw  data  plot  an  expanded  dis¬ 
play  of  the  phase  variations  is  obtained  by  plot¬ 
ting  the  residue  of  a  linear  least  square  fit  of 
the  phase  data, X^,  to  an  equation  of  the  form 

Xt  =  A  +  BT.  U) 

The  fitted  coefficients,  A  and  B,  give,  respec¬ 
tively,  the  phase  at  time  T  =  0  and  the  average 
beat  frequency  between  the  masers. 

The  analysis  program  also  contains  a  drift 
removal  routine.  This  consists  of  linear  least 
square  fitting  the  phase  and  the  derived  fre¬ 
quency  data  to  equations  of  the  form. 


Y  *  C  +  DT.  and  X.  *  X  +  YT.  .  (2) 

i  i  l  o  i 

Here  the  beat  frequency  is  assumed  to  be  a  1  inear 
function  of  time,  with  a  value  V.  at  time  T  =  0. 

The  fitted  drift  coefficient,  T\  is  another  measure 
of  the  stability  of  the  masers  under  comparison. 

It  is  rather  sensitive  to  the  data  base,  especi¬ 
ally  for  runs  of  relatively  short  duration.  From 
the  fitted  coefficients,  the  drift  rate  of  the 
compact  masers  ranges  from  several  parts  in  10^r> 
per  day  or  less. 

From  available  stability  data  we  see  that  the 
root  Allan  variance,  (t),  for  the  oscillating  com¬ 
pact  masers  can  be  expressed  approximately  by  the 
expressions : 
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PHASE,  nsec  LOG  SlGYt  T 


1 


CHY  1  VS  CHY  2  (04  02  8?>  (RESIDUE  } 


-13  j  ,J«»  ’ 


LOG  T.  sec 

CHY  1  VS  CHY  2  (04  02  82)  (RAW  DATA) 

J  r  1 loot  ? 


Xav  7  90s- 08  Sx:  49Oe-10  Yav:  -2.04e-15  Sy;  7.32*-14 
1500 POINTS  AT  500 sec  INTERVALS 


X  *  A  ♦  BT,  A  •  7.97e-08  B  -  -2.04e-15 

Xav: -3.42e-18  Sx.  2.40s-l0  Yav  1.09e-24  Sy  7.32e-14 

1500  POINTS  AT  500  sec  INTERVALS 


I.POO'o  * 


X  *  Xo  ♦  YT,  Y  •  C  ♦  DT,<Y>-  -2.03e-l5  0  =  -6  09e- 17/DAY 
X*v  1.21«-17  Sx  2  23e  10  Y»v  9  26.-18  Sv  7  32e  14 
1500  POINTS  AT  500 «ec  INTERVALS 


Figure  3.  Stability  data  of  CHYMNS-1I  measured  against  CHYMNS-I. 


-1  3 

For  CHYMNS-I:  •  (:)  ~  — ~ —  ;  (3) 

>'  /7 

102-_T^10i  sec 

- 1 2 

For  CHYMNS- 1 1 :  •  -  .  (4) 

y  /t 

i'rcui]  the  known  performance  of  the  VI.G-11,  which 
relies  on  thenn.il  mechanical  design  for  cavity 
stability,  we  see  that  beyond  about  5  x  10^  sec, 
the  compact  maser  begins  to  out  perform  it.  This 
result  demonstrates  the  effectiveness  of  the  elec¬ 
tronic  cavity  stabilization  system  employed  in 
CHYMNS-I  and  II.  Further  evidence  of  the  servo 
performance  is  shown  in  Figure  5  where  CHYMNS- 1 1 

i. ivitv  reactance  tuner  bias  is  plotted  as  a  func¬ 
tion  i ’ t  time.  The  tuner  is,  of  course,  the  food- 

ii. iik  part  of  the  ravitv  stabilization  servo  system. 

1  he  variations  in  the  tuner  bias  reflect  cavity 

'  r « ’<■; uen i ■  v  fluctuations  due  to  whatever  cause. 

•  sing  l  lit*  values  of  electronic  ravitv  tuning  sen¬ 
sitivity  (1.1  kHz/volt),  the  atomic  transition 
line,  <9  x  10°),  and  the  enhanced  cavity, 

<  '.')  ,'l'HU ,  for  the  maser,  the  ravitv  fluctuations 
viii'h  -gavt*  rise  to  the  variations  in  the  tuner  bias 
would  have  produced  maser  f requeue  fluctuations  of 
.o.oril  parts  In  10^1  if  the  ravitv  had  not  been 
■..•rv.*  out  rolled.  This  is  to  bo  compared  with  the 


actual  stability  data  taken  at  the  same  time  and 
shown  in  Figure  3.  During  the  9-dav  run,  with  data 
taken  at  500  sec  intervals,  the  average  frequency 
offset  was  only  -2.04  x  10“^,  with  a  standard 
deviation  of  7.32  x  lO"^.  This  is  several  orders 
of  magnitude  of  improvement  compared  to  a  similar 
cavity,  but  without  a  servo  control  system.  More 
significantly,  since  the  servo  uses  a  freouenev 
derived  from  the  atomic  transition  frequency  as 
reference,  it  assures  a  stable  long  term  maser 
output.  We  would  like  to  point  out  that  the  servo 
system  can  be  easily  adapted  for  use  in  conven¬ 
tional  maser  oscillators,  such  as  the  Vl.G-ll,  to 
improve  their  long  term  performance. 

An  interesting  question  is  how  well  do  ve 
expect  the  oscillating  compact  masers  to  perform. 
Lesage  and  Audoin®  have  given  an  analysis  of  the 
Q-enhanced  maser  oscillator  where  the  stability  of 
the  cavity  and  other  environmental  factors  were 
assumed  to  be  ideal.  Under  thc.se  assumptions,  the 
long  term  stability  would  he  limited  bv  noise  over 
the  atomic  transition  linewidth.  The  degree  of 
Q-enhancement  has  a  significant  Impact  on  the  noise 
power  density,  and  consequently,  the  stability  per¬ 
formance.  Without  going  into  details  here,  we  have 
calculated,  using  the  expression  for  white  noise 
frequenev  contribution  to  the  maser  stability 
derived  bv  l.esage  and  Audoin,  the  following 
expected  roof  Allan  variances: 
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2006  t 


2  3  4  5  6 

LOG  T,  tec 

CHY2VSVLG11  (05:19  82)  (RAW  DATA) 

3  ;  ,  2006  -  6 


Xav  1  23e-07  Sx:  1  36o-09  Yav  -7.41e-15  Sy  5.77e-14 
1 165  POINTS  AT  500  sec  INTE  RVALS 


2t 


-2i  X  «  A  +  BT,  A  -  1.25^07  B  -  -7.41®-15 

Xav:  2.56e-17  Sx:  5  89e-10  Yav  1.65e-23  Sy:  5.77e-14 
1165  POINTS  AT  500 tec  INTERVALS 


'2006  a 

CHY2  VS  VLG11  (06:10:82)  (DRIFT  REMOVED) 


-2*  X“Xo+YT.  Y  *  C  ♦  DT,  <Y>=  -5. 16e-15  D  = -2.54e- 16/DAY 
Xav:  6.04e-16  Sx  6.72e-l0  Yav  -2.26e-15  Sy  5.77e  14 
1165  POINTS  AT  500  sec  INTERVALS 


Figure  4.  Stability  data  of  CHYMNS- 1 1  measured  against  VLG-11,  plO 


Kiiiur**  CHYMNS- 1 1  cavity  reactance  tuner  bias 
as  a  function  of  time.  Stability 
data  taken  concurrently  is  shown  in 
Figure  1. 


For  CHYMNS- 1:  \,(-)Tf{  =  3. 7xlO“13/ v'T  (5) 

2 

:  >  10  sec 

For  CHYMNS- I I :  -  (i)T„  =  6. :xlO~ 13/> 7  .  <b> 

y  j  H 


We  see  that  the  experimental  data  are  within  a 
factor  of  two  of  theoretical  expectations.  This  is 
rather  remarkable  for  a  pair  of  developmental 
masers.  We  expect  that  the  performance  will 
improve  when  the  physics  and  electronic  units  are 
integrated  and  packaged. 


Cone  1  us  ions 


We  have  shown  the  ef i ectiveness  of  the  cavitv 
stabilization  servo  svstom  in  assuring  long  term 
cavity  stability.  The  excellent  performance  ef  the 
oscillating  compact  masers  should  have  dramatic 
impact  on  systems  with  critical  dependence  on  fre¬ 
quency  standard/clock  performance.  The  drastically 
reduced  size  and  weight  will  make  it  attractive 
even  for  space borne  appl icat ions. 
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THE  DEVELOPMENT  OF  A  MAGNETICALLY  ENHANCED  HYDROGEN  GAS  DISSOCIATOR 
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1/ 


Abstract 


Jet  Propulsion  Laboratory 
Pasadena,  California 

vacion  pumps,  thereby  extending  the  operational 
life  of  the  maser. 


A  study  of  the  processes  which  influence  the 
efficiency  of  the  rf  hydrogen  gas  dissociator  is 
made.  Based  on  this  study,  a  dissociator  is 
developed  by  applying  a  dc  magnetic  field  on  the 
rf  plasma.  The  influence  of  the  magnetic  field  on 
the  plasma  is  then  evaluated.  It  is  found  that  in 
this  configuration  the  power  consumption  of  the 
dissociator  is  decreased  appreciably.  Also,  the 
application  of  the  dc  magnetic  field  allows  the 
efficiency  to  be  held  at  a  constant  level,  while 
the  hydrogen  gas  pressure  is  reduced.  Based  on 
these  findings  some  approaches  for  the  development 
of  a  dissociator  low  in  gas  and  rf  power  consump¬ 
tion  are  presented. 

A. 

I.  Introduction  ls- 

The  development  of  an  efficient  hydrogen  ga* 
dissociator  is  part  of  an  effort  at  JPL  to  develop 
techniques  and  components  that  enhance  the  perfor¬ 
mance  and  operational  reliability  of  hydrogen 
masers.  Since  the  operation  of  the  hydrogen  maser 
is  based  on  the  stimulated  emission  of  radiation 
of  hydrogen  atoms  in  a  particular  hyperfine 
stated),  the  source  of  these  atoms  is  naturally  an 
important  component  of  the  maser.  Specifically, 
the  efficiency  of  the  atom  source  directly  deter¬ 
mines  the  flux  of  the  hydrogen  beam,  which  in  turn 
influences  the  power  output  and  the  stability  per¬ 
formance  of  the  maser. 

The  rf  dissociator,  as  the  source  of  the 
hydrogen  atoms,  has  significant  influence  on  the 
reliability  of  the  maser  operation,  as  well. 
Experience  has  shown  that  the  degradation  of  the 
efficiency  of  atom  production  of  the  dissociator 
may  directly  cause  maser  breakdown.  Furthermore, 
the  dissociator  efficiency  influences  the  gas  load 
of  the  vacion  pumps  which  generate  the  required 
high  vacuum  in  the  maser  physics  package.  Since 
vacion  pump  failures  are  the  predominant  mode  of 
maser  failures,  the  efficiency  of  the  dissociator 
also  indirectly  Influences  this  particular  mode  of 
maser  breakdown. 

In  an  effort  to  improve  the  performance  of  the 
dissociator  we  have  studied  the  processes  that  take 
place  within  the  rf  plasma.  Based  on  this  study, 
we  have  developed  a  magnetically  enhanced  rf  dis¬ 
sociator  with  improved  atom  production  and  lowered 
power  consumption.  Depending  on  the  particular 
mode  of  operation,  the  magnetically  enhanced  dis¬ 
sociator  may  also  reduce  the  gas  load  of  the 


In  this  paper,  we  will  briefly  review  some  of 
the  plasma  processes,  on  the  basis  of  which  the 
development  of  the  magnetically  enhanced  dis¬ 
sociator  was  motivated.  We  will  then  present  the 
result  of  our  investigation  for  the  development  of 
this  source  of  hydrogen  atoms. 


I I .  Processes  Influencing  ihe  Dissociator 

Ef  f iciency 

Figure  1  presents  the  picture  of  an  rf  dis¬ 
sociator  (source)  on  the  test  assembly.  The  dis¬ 
sociator  consists  of  a  glass  bulb  with  a  stem 
through  which  hydrogen  gas  is  introduced.  The  gas 
outlet  consists  of  a  glass  multichannel  array  which 
causes  the  formation  of  a  narrow  beam  of  hydrogen 
out  of  this  source.  The  rf  power  is  coupled  exter¬ 
nally  to  the  source  by  two  probes  or  a  coil, 
depending  on  whether  a  capacitive  or  an  inductive 
coupling  scheme  is  employed.  In  JPL  masers  rf 
power  is  coupled  by  an  inductive  coil,  and  so  for 
the  remainder  of  this  discussion  we  will  assume 
this  couj.  ing  scheme;  the  major  portion  of  the  con¬ 
siderations  presented  here  apply  equally  well  to 
capacitance  coupling. 

When  hydrogen  gas  is  introduced  in  the  dis¬ 
sociator  glass  bulb,  and  rf  power  turned  on, 
electrons  already  present  in  the  source  (or  gen¬ 
erated  by  a  high  voltage  pulse)  oscillate  in  the 
rf  field.  During  the  course  of  oscillations,  elec¬ 
trons  collide  with  hydrogen  molecules,  resulting 
in  the  production  of  atoms,  ions,  and  other  elec¬ 
trons.  The  new  electrons  in  turn  participate  in 
collisions,  thereby  producing  a  sustained  plasma 
discharge. 

The  significance  of  any  colllsional  process 
(between  the  electrons  and  other  particles)  in 
production  of  atoms  is  determined  by  the  rate 
coefficient  of  the  particular  process^),  The 
rate  coefficient  is  given  by  <oV)  where  o  is  the 
cross  section  for  the  reaction  and  V  is  the  rela¬ 
tive  velocity  of  the  colliding  electron  and  the 
particle  (neutral  or  ion).  In  the  ease  of  the  rf 
plasma  in  the  dissociator,  with  typical  average 
electron  energy  equivalent  to  35,000  degrees  Kelvin, 
the  reaction  which  contributes  most  to  atom  produc¬ 
tion  is  simply  electron  impact  dissociation 
e  +  H^  *•  H  +  H  +  (2).  Dissociative  excitation 
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Figure  1.  Dissociator  on  the  Test  Assembly 

o  +  Ht  *  H+  +  H  4-  f  and  other  reactions  involving 
electron  impact  with  ions  contribute  significantly 
loss  to  atom  production.  In  short,  while  plasma 
contains  a  number  of  ions  such  as  H+,  ,  and  H^, 

oh-ctron  impact  with  ions  contributes  Little  to 
production  of  atomic  hydrogen  due  to  corresponding 
lower  reaction  rates. 

The  efficiency  of  atom  production  in  the  rf 
dissociator  is  then  determined  by  three  factors: 

(1)  an  optimal  reaction  coefficient  for  the  proc¬ 
ess  of  dissociation  (i.c.,  c  +  *  H  +  H  +  e), 

as  determined  by  an  optimized  electron  energy 
through  the  relation  v  ;  (2)  tin*  eondition  of 
th»  glass  wall  of  the  bulb,  on  which  atoms  recom¬ 
bine  before  they  exit  through  t lie  multichannel  col¬ 
limating  array;  and  O),  the  collision  frequency  of 
electrons  with  molecules. 

While  factors  (1)  and  (2)  above  may  appear 
unrelated  at  first  glance,  they  are  in  fact  inter¬ 
related  through  the  influence  of  the  plasma  ions 
i n  t  he  d i ssor i ator . 

Ions,  although  of  relatively  low  average 
velocity,  eventually  degrade  the  glass  surface 
through  collisions*  This  degradation  consists  of 


production  of  macroscopic  "pits"  in  the  glass 
which  amount  to  an  increase  of  surface  area.  The 
extent  of  tfie  degradation  is  a  function  of  the  num¬ 
ber  of  impacts  (and  therefore  time)  as  well  as 
uergy  of  the  iens.  Figure  (2)  compares  the 
scanning  electron  microscope  picture  of  a  fresh 
glass  surface  with  the  surface  of  a  used  dissocia- 
tor  bulb.  The  extent  of  the  pitting  in  the  dis¬ 
sociator  glass  is  clearly  visible. 

It  is  clear  then  that  the  increase  in  the  rf 
power  input  for  the  purpose  of  increasing  electron 
energies  to  an  optimal  level  will  have  a  detri¬ 
mental  effect  on  the  condition  of  the  dissociator 
bulb,  and  therefore  on  the  loss  of  atoms  to  the 
recombination  processes.  It  would,  however,  be 
highly  desirable  to  increase  electron  energies,  and 
their  collision  frequency,  without  a  corresponding 
increase  in  the  energy  of  ions.  As  for  the  increase 
in  the  collision  frequency  of  electrons  with  mole¬ 
cules,  it  should  be  pointed  out  that  increase  of 
the  gas  density  in  the  bulb  lias  the  undesirable 
effect  of  increasing  gas  load  to  the  vac  ion  pumps. 
With  these  considerations,  we  now  evaluate  the 
influence,  of  an  applied  dc  magnetic  field  on  the 
efficiency  of  the  dissociator. 


III.  The  Infl uence  of  An  Applied  dc  Magnetic  Field 

Consider  the  motion  of  an  electron  in  an  rf 
plasma  super impost d  by  a  dc  magnetic  field.  The 
electron  will  experience  a  force  f  =  x  £,  where 
e  is  the  charge  and  \*  the  velocity  of  the  electron, 
and  B  is  the  magnetic  induction.  According  to  this 
relation  the  path  of  the  electron  will  he  modified 
so  that  it  will  exhibit  a  helical  path  along  the 
magnetic  field  line.  The  frequency  of  the  circu¬ 
lating  electron  is  given  by  Larmor  relation 
t  =  eH/2-mc,  where  H  is  the  magnetic  field,  m  the 
mass  of  electron,  and  c  the  speed  of  light.  This 
helical  motion  of  the  electron  corresponds  to  an 
increase  of  its  path  length  in  the  plasma,  and 
therefore,  an  increase  in  its  frequency  of  colli¬ 
sion  with  particles  in  the  plasma.  Furthermore  the 
circulating  electron  in  the  magnetic  field  can  now 
absorb  energy  in  resonance  with  the  rf  field  as  it 
moves  in  the  direction  of  the  field.  The  condition 
for  this  resonance  absorption  of  energy  is  that  the 
cyclotron  frequency  of  the  electron  . c  =  2H/mc  be 
equal  to  the  oscillation  frequency  of  the  rf 
field,  .. 

In  this  manner,  the  effect  of  the  applied 
magnetic  field  on  the  dissociation  efficiency  of 
the  source  is  through  the  increase  of  the  collision 
frequency  of  electrons  with  molecules,  as  well  as 
the  increase  of  electron  energies.  This  may  he 
accomplished  without  increasing  the  rf  power  and 
the  gas  pressure  of  the  source. 

It  should  be  mentioned  that  a  dc  magnetic 
field  of  a  100  Gauss  or  less  has  negligible  effect 
on  the  tt  tion  of  the  ions  in  the  plasma,  because 
of  the  relatively  large  mass  of  the  ions.  In  this 
wav  the  ion  energies  will  remain  essentially 
unchanged,  while  electron  energies  are  modified. 
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fresh  glass  (X100  magnification) 


fresh  glass  (X400  magnification) 


used  glass  (X100  magnification) 


used  glass  (X400  magnification) 


Figure  2.  Scanning  Electron  Microscope  photos  of 
the  fresh  and  used  surfaces  of  the  glass 
wall.  The  fresh  surface  was  acid  washed  and 
prepared  through  a  procedure  identical  to 
that  of  dissociators  used  in  JPL  masers. 

The  used  surface  belongs  to  a  dissociator 
which  was  used  continuously  for  about 
6  months. 


There  are  a  number  of  examples  of  dc  magnetic 
fields  applied  to  rf  ion  sources  used  for  genera- 
t ion  of  atomic  and  molecular  ions. The  con- 
siderations  for  the  influence  of  the  magnetic  field 
for  ion  generation,  however,  is  quite  different 
from  those  related  to  atom  generation.  Basically, 
magnetic  fields  influence  the  drift  of  ions  in  the 
plasma,  which  in  turn  enhances  ion  extraction  from 
the  ion  source (3).  Furthermore,  ion  sources 
require  relatively  large  electron  energies  because 
of  the  dependence  of  the  cross  section  for  ioniza¬ 
tion  on  electron  energies.  This  latter  effect  is 
in  fact  undesirable  for  the  case  of  hydrogen  gas 
dissociator,  and  will  be  discussed  further  in  the 
following  section. 

IV .  The  Magne t  i ca  1  ly  Enhanced  Source  and  tjs 

Operation 

Because  the  hydrogen  gas  dissociator  assembly 
of  JPL  masers  is  inside  the  vacuum  package  and 
therefore  not  accessible  without  breaking  of  vacu¬ 
um,  a  dissociator  test  bed  was  constructed.  The 
test  bed  consists  of  a  vacuum  canister  for  connect¬ 
ing  an  ion  pump  to  a  source  mating  flange.  A 
pyrex  glass  bulb  was  designed  and  constructed  with 
dimensions  identical  to  those  of  conventional 
sources  used  in  JPL  masers,  hut  suitable  modified 
for  use  in  the  test  bed.  The  modification  consists 
of  a  glass  ring  with  an  O-ring  groove  externally 
attached  to  the  wall  of  the  source  containing  the 
exit  collimating  holes.  The  source  may  then  he 
positioned  on  the  flange  with  the  O-ring  providing 
the  necessary  vacuum  seal.  The  rf  exciter  coil 
assembly  and  hydrogen  gas  feed  lines  provide  the 
necessary  support  for  the  glass  bulb  (see  fig¬ 
ure  1). 

For  the  generation  of  the  dc  magnetic  field  a 
solenoid  was  constructed  from  an  insulated  copper 
wire  wound  on  a  copper  cylinder  with  an  inside 
diameter  one  inch  larger  than  the  diameter  of  the 
dissociator  bulb.  The  solenoid  was  placed  on  the 
mating  flange  in  a  coaxial  configuration  with  the 
source.  This  particular  solenoid  provided  a  maxi¬ 
mum  field  of  145  gauss  on  its  axis  with  a  2.0- A 
current  input.  The  solenoid  produced  a  field  which 
was  linearly  dependent  on  current  within  the  range 
of  zero  to  2.0-A,  the  minimum  current  which  the 
power  supply  produced. 

The  dissociation  efficiency  of  the  source  was 
determined  by  measuring  the  changes  in  the  pressure 
observed  when  the  plasma  was  on  or  off.  The  vari¬ 
ation  of  the  pressure  was  obtained  by  noting  the 
current  in  the  ion  pump  power  supply.  While 
method  of  efficiency  determination  for  the  d.  - 
social  ion  lacks  a  high  absolute  accuracy,  it  does 
provide  a  satisfactory  means  for  a  relative  deter¬ 
mination  of  the  dissociator  efficiency. 

The  source  was  initially  operated  under  the 
condition  of  power  and  pressure  to  those  employed 
in  the  maser.  A  back  pressure  of  hydrogen  gas 
produced  a  pressure  of  200  mtorr  in  the  dissocia¬ 
tor;  an  rf  power  input  of  3  W  produced  an  efficien¬ 
cy  measured  to  be  5%.  As  the  input  power  was 
decreased,  the  efficiency  of  the  source  deterio¬ 
rated,  and  the  plasma  was  not  sustained  if  the 
power  was  reduced  below  2  W.  The  source  was  left 
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to  operate  under  normal  operating  conditions  for  a 
period  of  a  few  days  to  allow  its  performance  to 
stabilize.  After  this  period,  the  solenoid  power 
supply  was  turned  on  and  the  solenoid  current  was 
varied  between  zero  and  2  A.  As  the  magnetic  field 
was  increased,  the  light  intensity  of  the  plasma 
increased  significantly.  Furthermore,  for  specific 
values  of  the  field  a  change  in  the  plasma  mode  was 
observed.  A  measurement  of  the  efficiency  of  the 
source  at  this  level  of  pressure  and  power  was  per¬ 
formed  with  the  dc  magnet  on.  The  source  exhibited 
an  increase  and  a  decrease  in  efficiency  depending 
on  the  magnitude  of  the  applied  magnetic  field. 

The  amount  of  variation  in  the  efficiency  ranged 
from  a  10'  increase  to  a  10/'  decrease  of  the  effi¬ 
ciency  measured  without  the  applied  magnetic  field. 

The  efficiency  measurements  were  continued  as 
the  input  rf  power  was  decreased.  First  it  was 
observed  that  the  application  of  the  magnetic  field 
decreased  the  value  of  the  minimum  power  required 
for  maintaining  a  plasma,  depending  on  the  current 
in  the  solenoid.  For  a  current  of  0.4  A  corre¬ 
sponding  to  a  field  of  approximately  40  gauss.  It 
was  possible  to  reduce  the  power  to  about  0.3  W. 
With  these  parameters,  the  efficiency  of  the  source 
was  determined  to  be  5%,  the  same  value  as  the 
efficiency  of  a  conventional  source  operating  with 
3  W  of  input  rf  power.  The  dc  magnetic  field  then 
resulted  In  a  tenfold  decrease  in  the  power 
consumption. 

The  results  obtained  in  our  investigation 
are  easil.  understood  in  the  following  way.  For 
a  given  set  of  dissociator  parameters  such  as  size 
and  gas  pressure,  a  certain  level  of  rf  power 
yields  maximum  dissociation*  A  decrease  in  the  rf 
power  level  decreases  tin1  efficiency  of  atom  pro¬ 
duction  through  decreased  electron  energies.  How¬ 
ever,  an  increase  in  the  rf  power  from  the  opti¬ 
mized  level  does  not  lead  to  increased  dissociation 
efficiency.  This  is  because  electron  impact  dis¬ 
sociation  of  hydrogen  molecules  (with  a  threshold 
energy  of  4.8  oV)  is  a  competing  process  with 
electron  Impact  ionization  of  molecules  (with 
threshold  energy  of  13.8  eV).  But  the  increase  of 
the  average  electron  energies,  which  have  a 
Maxwellian  distribution  in  the  plasma,  preferen¬ 
tially  contributes  to  the  ionization  process;  this 
is  due  to  the  dependence  of  the  corresponding 
cross  sections  on  the  electron  energies'*^.  Final¬ 
ly,  when  the  rf  power  is  decreased  from  an  optimal 
level,  a  dc  magnetic  field  of  suitable  strength 
can  compensate  for  the  decreased  electron  energies 
by  allowing  the  circulating  electrons  to  absorb 
energy  in  resonance  with  the  field.  This  analysis, 
then  clearly  explains  our  findings  with  the  appli¬ 
cation  of  the  dc  magnetic  field  on  the  rf 
d  issoc iator . 

As  a  final  step  in  our  investigation  we  tried 
to  determine  the  effect  of  an  a symmetric  field  on 
the  dissociator  tfficiency.  This  was  based  on  the 
observation  of  the  differences  between  the  thresh¬ 
old  energies  for  the  competing  dissociation  and 
ionization  processes.  We  reasoned  that  if  ener¬ 
getic  electrons  in  the  tail  of  the  Maxwellian  dis¬ 
tribution  could  be  swept  away  from  the  plasma 
region  close  to  the  source  exit,  the  ionization 


process  would  be  suppressed.  A  test  of  this  rea¬ 
soning  was  accomplished  through  positioning  of  the 
axis  of  the  solenoid  away  from  the  source  exit. 

When  the  solenoid  axis  was  displaced  by  1/2  inch, 
an  increase  in  the  dissociation  efficiency  was 
observed  for  a  200  m  Torr  pressure  of  hydrogen. 

With  a  decrease  of  pressure  to  80  m  Torr,  the  mea¬ 
sured  dissociation  efficiency  of  the  source 
increased  from  a  7%  level  to  12.8%,  when  a  current 
of  0.75  A  was  applied  to  the  solenoid;  this  is  a 
70%  increase  of  the  dissociat ion  efficiency.  The 
power  level  in  both  cases  was  2.5  W. 

While  the  configuration  of  this  latter  experi¬ 
ment  with  the  dc  magnetic  field  was  somewhat  arbi¬ 
trary,  and  determined  by  the  constraint  of  the 
existing  setup,  it  clearly  demonstrated  the 
potential  value  of  this  approach  in  designing  an 
efficient  source.  It  is  expected  that  a  careful 
design  of  an  inhomogeneous  field  would  allow  an 
appreciable  suppression  of  the  ionization  process 
near  the  exit  region  of  the  source,  resulting  in 
an  increase  in  the  production  of  the  atoms. 

V.  Summary  and  Conclusions 

We  have  studied  the  processes  that  influence 
the  performance  of  the  rf  hydrogen  gas  dissociator. 
Based  on  this  study  we  have  developed  a  magnetical¬ 
ly  enhanced  dissociator  through  the  application  of 
a  dc  magnetic  field  on  the  rf  plasma.  With  this 
configuration  of  the  dissociator  the  following 
results  were  obtained: 

(1)  For  a  specific  value  of  the  magnetic 
field,  it  is  possible  to  maintain  the 
efficiency  of  the  source  and  yet  de¬ 
crease  the  rf  power  input  by  an  order  of 
magnitude.  This  conclusion  is  of  signif¬ 
icance  to  both  spaceborne  maser  develop¬ 
ment  and  improved  reliability  of  ground- 
based  masers  through  the  expected  im¬ 
provement  in  the  source  life. 

(2)  It  is  possible  to  obtain  good  efficiency 
for  the  source  and,  at  the  same  time, 
reduce  the  hydrogen  pressure  with  an 
applied  dc  magnetic  field.  This  finding 
implies  a  means  for  the  reduction  of  the 
gas  load  to  the  maser  vacuum  pumps, 
thereby  increasing  their  operational 
life,  and  reducing  the  frequency  of  maser 
breakdowns  resulting  from  pump  failures. 

(3)  The  results  with  the  inhomogeneous 
field  indicate  that  it  is  possible  to 
design  a  magnetic  field  conf igurat ion 
to  sweep  energetic  electrons  away  from 
the  region  near  the  source  exit.  This 
would  increase  the  source  efficiency  by 
preferential  dissociation  of  the  mole¬ 
cules,  as  compared  to  the  competing  proc¬ 
ess  of  molecular  ionization. 

(4)  The  application  of  a  magnetic  field  on 
the  rf  plasma  results  in  a  significant 
increase  of  the  light  output  from  the 
plasma.  While  this  effect  is  not  of 
interest  to  maser  application  (except  for 
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reaffirming  that  there  is  no  direct  re¬ 
lationship  between  the  efficiency  of  the 
source  and  the  intensity  of  the  emitted 
plasma  light)  it  may  be  of  significance 
in  other  applications.  Tn  particular, 
certain  light  sources  such  as  mercury 
ion  light  source,  and  rubidium  light 
source,  employ  rf  power  for  excitation. 
An  application  of  a  dc  magnetic  field 
can  improve  the  performance  of  those 
sources  and  extend  their  operational 
life. 

The  investigation  of  the  performance  of  the 
source  was  determined  in  a  test  bed  and  by  obtain¬ 
ing  the  dissociation  efficiency  through  the  mea¬ 
surement  of  pressure  variations.  It  is  obvious 
that  it  would  be  highly  desirable,  and  necessary, 
to  perform  the  tests  using  a  hydrogen  maser.  In 
this  way,  the  extent  of  improvement  obtained  with 
the  new  source  in  relation  to  the  maser  vacuum 
system,  power  output,  and  line  Q  may  be  directly 
determined.  Efforts  are  presently  underway  to 
design  and  construct  a  source  unit  which  may  be 
mounted  externally  to  our  existing  maser  test 
assembly.  We  intend  to  optimize  the  configuration 
and  the  strength  of  the  magnetic  field  for  a  de¬ 
sirable  mode  of  source  and  maser  operation.  Once 
this  is  accomplished,  we  will  substitute  equiva¬ 
lent  permanent  magnets  for  the  solenoid,  thereby 
eliminating  the  need  for  a  solenoid  power  source. 
Finally,  we  intend  to  test  the  Influence  of  the 
magnetic  field  on  the  light  output  of  mercury 
lamps,  which  will  be  utilized  in  a  trapped  mercury 
ion  frequency  source.  The  results  of  this  Inves¬ 
tigation  will  be  reported  in  a  later  paper. 
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Abstract 


Tliis  paper  is  a  progress  report  on  development 
work  of  a  full  size  active  H  maser  (EFOS  1) 
tj  resent,  lg  in  progress  at  ASULAB ,  NEUCHATEL,  in 
view  of  an  industrial  production.  The  maser 
design  philosophy,  the  physical  package,  the 
receiver  and  the  measurement  system  are  des - 
i-rihed  ami  preliminary  results  on  the  frequency 
stability,  measured  by  comparison  with  the 
prototype  masers  HI  and  H  2,  are  presented . 

A 


Introduction 

The  EFOS  1  Maser  has  been  conceived  in  order  to 
obtain  optimum  frequency  stability  for  averaging 
times  between  100  and  10*000  secs.  i.e.  for  the 
averaging  times  of  interest  to  V.L.B.J.  In  addi¬ 
tion  to  the  stability  requirement,  the  EFOS 
mat n  design  goals  are  those  typical  of  an  in¬ 
dustrial  product  i.e.:  reliability,  easy  main¬ 
tenance  and  cost  ef feet iveness.  In  view  of  these 
qoals  the  option  of  high  line  Q,  as  opposed  to 
the  alternative  option  of  high  output  power,  has 
been  adopted.  In  fact  the  fundamental  limitation 
of  the  maser  ^'2,3]  ,  which  dominates  the  fre¬ 
quency  stability  for  averaglno  times  •  100  s  is 
proportional  to  the  parameter  (Pp* From  thK 
point  of  view  1 i ne  q  is  more  important  than  the 
maser  power.  A  high  lino  Q  has  several  advanta¬ 
ges:  it  reduces  cavity  pulling  effects  and  allows 
n  smaller  hydrogen  flux  to  be  used,  with  a  cor- 

♦  ♦spending  ii*crea«»*  in  spin  -xchange  f»f  foots  and 
i  r;<  reas»*  in  ion  pump  life  Final  ty  an  Aluminum 

microwave  -  -iv!  tv  has  been  preferred  r r*  the  Quart.* 
i-.ivitv  wsfi.  the  us  umi-t  i  on  that  the  higher  l*'in- 
:•  ri»  ,r*-  <  >•  f  J  i  r  i  t  rit  ...f  the  A I  uft.i  uum  cavity 

x  T'  /  r>  compared  »o  *  hr-  Quartz 

ivt»v  ^  x  lo  /  Ci  c«mld  he  balanced 

tv  vi  i  .i  jv.nf.it,-'  ■  .]  t  !.<  A  l  cavity  like:  the 
u-e»j.  t  -  tiur. :  ci  1  s'uhilify,  the  abence  of 

•  •  e»  m  ,  i  jridi  :.t  .  due  » «  tv  high  •  iii-rm.il  conduc¬ 


tivity  of  the  Al  and  finally  easy  tunability  by 
temperature  changes.  Furthermore  the  temperature 
sensivity  of  the  Al  cavity  can  be  effectively 
overcome  by  good  thermal  design  using  a  vacuum 
envelope  for  thermal  isolation. 


Physical  package 

The  physical  package  is  inspired  by  the  classical 
design  of  the  full  size  Al  cavity  maser  like  for 
example  the  NASA  NX  or  the  A.P.L.  N.R.  15] 
Masers.  Table  1  lists  the  most  important  charac¬ 
teristics  of  EFOS  1.  A  mechanical  schematic  dia¬ 
gram  is  shown  in  Fig.  1.  All  the  element:-:  of  tin 
physical  package  are  well  known;  we  focus  the  dis¬ 
cussion  on  particular  points  of  the  EFOS  1  des i an. 

Dissociator 

The  dissociator  uses  a  pyrex  bulb  of  approximately 
of  a  liter,  in  order  to  minimize  wall  effects  on 
the  H  plasma,  and  a  single  hole  collimator.  The  H 
pressure  is  in  the  range  of  0.1  to  0.2  ton*.  The 
R.F.  oscillator  has  been  studied  in  detail  in  or¬ 
der  to  present  the  best  matching  conditions  to  ♦  h- 
plasma  in  the  expected  range  of  physical  situa¬ 
tions.  It  requires  no  more  than  7  watts  of  total 
D.C.  power  for  achieving  the  maximum  molecular  H 
dissociation  efficiency.  The  discharge  is  self- 
starting  and  no  regulation  is  needed  after  start¬ 
up  for  optimising  the  dissociation  efficiency. 

Quar t  7  bnl b 

The  quartz  storage  bulb  is  cylindrical  m  shape 
with  hemispherical  end  cups  and  has  A .  e>  liters 
volume.  It.  is  coated  with  TEFLON  FEP  12"  wit).  ♦  h- 
usual  technique  and  the  exit  hole  is  adjust'  d  f'-r 
a  theoretical  line  Q,  limited  by  the  escape  iatc, 
of  r*  x  1 0*  .  In  practice,  we  have  measured  line  Q 
up  to  A  x  in  by  cavity  pulling  measurements  on 
an  oscillating  maser.  This  means  that  the  tefl  >n 
coating  i«  good  enough  to  ensure  that  the  1  i :  *  Q 
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is  not  limited  by  wall  relaxation.  For  normal  o- 
peration  the  maser  line  Q  ranges  from  2  to  3  x  10® 
for  an  output  power  in  the  range  of  -104  to  -107 
dbm. 

Vacuum  system 

All  the  parts  in  contact  with  the  H  atoms  are  pum¬ 
ped  by  an  independent  20  1/sec  ion  pump  which 
produces  a  good  vacuum  (<  107  torr)  essential  for 
the  proper  maser  operation.  This  "internal"  vacuum 
system  is  completely  separated  from  the  "external" 
vacuum  system  which  provides  a  thermal  insulation 
for  the  Al  microwave  cavity  and  furthermore  con¬ 
tains  several  parts  like  the  C  field  solenoid, 

3  thermal  shields  and  2  magnetic  shields.  The  ex¬ 
ternal  vacuum  system  reduces,  in  addition,  any 
barometric  effect  on  the  cavity  frequency.  Normal 
ion  current  in  both  pumps  are  of  the  order  of 
300  •-  A  for  a  voltage  of  5  Kv.  This  ensures  low 
power  consumption  and  high  pump  life-time  and 
reliability.  A  system  of  valves  allows  the  re¬ 
placement  of  the  ion  pumps  without  disrupting 
the  vacuum  in  the  maser. 

The  microwave  cavity 

The  microwave  cavity,  operating  on  the  TE  t , 
mode,  has  an  elongated  design.  The  cavity 

* emperaturc  coefficient  /' C)  depends  mostly 

'-’c 

.  the  diameter  dimensional  variations  and  is 
tys-ii  silly  -2.5  x  10“’V+  i  C.  The  cavity  loaded 
V.'  (Qc:  with  a  coupling  factor  (:*)  of  0.1"'  is 
g  :  roxunately  From  the  cavity  pulling 

oqvsat  ion: 

Avjj,  _  5c 

vm  t'j  V- 

ir.d  actual  measurement*-  we  obtained  a  t.  vt  i ca  1 
Or- 

value  of  --  of  1.25  x  Ih'^  and  a  maser  temperature 

* 1  -IP 

coefficient  of  -1.2  x  10  for  *  1  f*  cavity  t '*m- 
■'■11'  a*-  .  nang*-.  b-i:.q  five  i r.pirt  i.-:;a  1  t  t-mf  -a  i- 


n  ■!  i a  id:  t  it 


•  l-  •  t  *.«•  r;r.  x,  iii- 


■:  around  t 
a:  1  ,d  ... 


t  .  ivity  .  thermal  giin  af  t  h» 
obtained  r«  suiting  is;  a  mas*  r 


t  "tr.pf  -ra»  ur»-  coot  f  i  c  i  *  ■:.!  due  to  the  cavity,  ci 
x  1  ‘  for  1  V  external  t  cmpor.t*  ur*-  variation. 

T*  •  initial  cavity  tun  inn  is  made  by  t  emp*  rat  *it  *  . 
:  •  ■  '  •  :  i  i»  f-er-itinj  t .  n,j  <  r  a *  : i r «  i  •-  -1 1  •  I  C. 
i  •  ?  s  * .  *  I  tuning  i  r  •  1 1  ■  •••:  i  y  ,j  vira-t>*r  mt  •*»:.- 
*  •  •  i  1  •  •  I « 1* -  »he  '  IV tty.  'p  •  v.iM<’tf  i  ilKwf-  a  fast 

'  ;  v>  dur*-  and  t  r.e  ;in--  x  mu*  avity 


ui  r:i  :i.«-ti‘  bi'-ld  made  ol  in«  i 
iving  i  t  h  i  ■  kne  •*  t  ') .  '  mm,  giV' 
I'-ldiug  fie  tor  of  ipprixim.it*  iy 
« m-ign*  tie  field  and  it,  t  he  m«  - 
(  i  ej, .  The  rii.m:.*  t  i . •  inc  j«  ;,e ; 


y  -  {  *  » TTi.il  l  in  i 
•  -  i  nw  .i  .;r*d 


>  lit  i  •  l,  iX  i  ■  1 1 


of  the  Quartz  bulb  is  good  enough  to  allow  opera¬ 
tion  at  a  "C"  field  value  of  100  Oersted  at  full 
maser  power,  and  limiting  oscillation  at  substan¬ 
tially  lower  magnetic  field?  this  shows  that  the 
magnetic  inhomogeneity  across  the  storage  bulb 
practically  does  not  contribute  to  the  lir.ewidth 
at  the  nominal  operating  magnetic  field  anti  that 
Crampton  effects  are  negligible.  Finally,  the 

measured  maser  magnetic  coefficient  is  <  3  x  1C~*J.-' 
gauss  at  a  magnetic  field  of  300  \j  gauss. 


The  Receiver 

The  block  diagram  of  the  receiver  is  shown  in 
fig.  2.  It  is  a  conventional  superheterodyne  con¬ 
verter  having  3  intermediate  frequencies  respec¬ 
tively  at  19.6  MHz,  405  KHz  and  5.7  KHz.  A  syn¬ 
thesizer  at  5.7  KHz  allows  to  extract  the  phase 
of  the  maser  signal  which  is  used,  after  filtering 
to  phase-lock  the  5  MHz  VCXO  to  the  maser  signal. 
The  noise  figure  of  the  receiver  is  practically 
that  of  the  first  RF  amplifier  i.e.  2.6  dB.  The 
most  critical  parts,  like  the  isolation  amplifier 
and  the  multiplier,  are  housed  in  the  maser  head 
which  is  temperature  stabilised  with  a  minimum 
thermal  gain  of  100.  Measurements  of  the  receiver 
characteristics  have  been  made.  The  pnase  noi ■<  f 
tile  multiplier,  measured  at  1,4  GHz  ar.d  referred 
to  Mile  is:  r.  -  1 0“ 1  -  -  7  f-1  -  J  7  f".  It- 

phase- temperature  coefficient  is  *  1  RAT  C  at 
1.4  (•Hz.  The  r>  VHx  isolation  amp!  i  f  iois  1 ;  hse-e- 
temperature  coefficient  referred  to  1,4.  GHz  n- 
•  0.1  RAD/  C.  The  previous  figures  need  no  improve¬ 
ment  since  the  receiver  is  housed  in  the  tempera¬ 
ture  stabilized  maser  head.  Tne  limitation  on  t 
maser  frequency  stability  as  imposed  bv  tin-  i-  co¬ 
ver  noi.se  has  been  measured  directly  in  the  t::r.* 
domain.  (£•»«■  t  measurement  system  below1'.  The 
r ece i vc r  no i s •  •  cent  r lbut i on  t c r  a  ma se r  sic: . a  1  : 

-1  'd  dBm  is.  a  *  Hz  bandwidth  is: 


•  v  :  t  a:  i  s  S W  :  . 


i  at*  m*  :.t 


■'!.  '  -  new  i  i  ]oe<  g.aqram  cl  t  ue  :rc  p.  •  , 

:'i’v  "•  ;  .!•■!>  -t  -y»*m.  Tin  V;  1  ,  t  • 

llilil  f|  ‘’Hi  T|.v  *  »  i  mulfltl  led  in  !.  lb; 
»■_  i  r  i  x-  i  v  i  ’  * :  •  -un.jl  .  1  r:.is*g  IT 

■  v-  i  i  1  .  The  .  .  *  KHz  1  cat  Id  ■  r.  tie  j  e,  ,  : 
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cout.u;.:.  now  X  :u‘  noisv  of  the  two  masers  and  is 
n:ix«-d  wit;,  the  output  cf  the  syntr.es izer  of  maser 
[I  in  orde)  to  pioduce  a  boat  of  approximate ly 
1  Hz  select vd  by  setting  the  synthesizer.  The 
ieriod  or  the  boat  after  low  pas  filtering  and 
shaping  is.  o ..Minted  py  a  counter  used  in  tire 
period  average  modi1  and  programmed  by  a  calculator 
wh 1  v : .  v -omp u ’ e s  the  Allan  V a r i a nee 


F.'i  measurement  of  the  receiver  characteristics, 
independent  ot  the  maser,  the  same  measuring  sys¬ 
tem  of  Fig.  1  is  used  except  that  the  signal  from 
maser  11  i  i?  replaced  i>v  the  output  signal  of 
maser  1  at  1.4.C  CH;:  d**j  ived  from  a  power  divider 
at  the  maser  I  output  and  taking  care  to  maintain 
tii"  same  power  level. 

Ftequ«n  i  y  :  t  al  l  1  i  t  y 


Tlie  theoretical  equation  for  t  Ik*  nwsrr  frequency 
::t  ah i  i  it  y  i  s  given  by  : 


r. )  :  Two  sample  Allan  Variance  corrected  for 
lead  time  of  the  measuring  system 


FFOS  I 
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H  1 t  •"!■  :e:i:;v 
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f  • •  mi  ■••rat  ur 


t-  Wl  p! 
CUV  1  t  V 
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sj-.f  inside  t.h< 


r.ixi"'1  !w 


c .  }  '■ 


out 

N-  ■ !  "*  •  fi  !!.*••■  the  KF 

Cu *-.•:{  frequency  <:  th« 
him.'  ; :  :  t.-i  svst<  m 


)>••  dl-M  “  3 .  1'*W 


.\fl  dB 


1  Hz 

o 

x  1  •  ' 


»:•-•  present  in  the  first  term: 

i  •  •  j  *-  e  i  ndepender.t  of 
I  *:.*  r-  river  and  the  additive 

•  ►  •  .  r.-.  a  » ver  .  per  the  KFO.S 

F  -  . 

•r  •  e.  A  perfect  receiver 

*  it  •.•rrr,  -  tarility  by  a 
t  •  .i-  .  .  •  .  T:i» •  f  i  i  ■  f  t  erm  of 

‘  ■  r  iv-  r  -  * '  1 1 :  ;  f  imo*.  ■  • 

>•  *  «  /•.;;  >•  i.iricr  for  Mm-' 


type  of  noise  depends  on  the  cut-off  frequency  of 
the  filter  used  in  the  measuring  system  and  must 
be  corrected  for  the  dead  time  of  the  counter. 

Tiit*  second  term  represents  a  white  frequency 
noise  and  is  the  fundamental  limitation  of  the 
frequency  stability  of  the  maser.  The  relevant  pa¬ 
rameter  is  the  product  of  power  arid  the  square  of 
the  line  Q.  From  this  point  of  view  the  line  Q  is 
more  important  than  the  output  power.  The  design 
of  FFOS  I  tuaser  is  oriented  towards  obtaining  a 
relatively  low  output  power  but  high  line  q. 

Fig.  3  shows  the  frequency  stability  obtained 
in  a  normal  laboratory  environment  and  the  theo¬ 
retical  evaluation  from  the  previously  given  maser 
parameters.  The  same  results  have  been  obtained 
from  the  comparison  of  H  and  FFOS  I  masers.  The 
frequency  *t ability  tor  longer  averaging  times 
(t  •  100b  :.i  cs .  )  depends  mostly  on  the  room  t  ernpe- 
rature  variations.  The  temperature  coefficient,  of 
maser  FFOS  I  has  been  measured  as  *'  3  x  10”A*VlnC. 
The  temperature  coefficient  is  measured  by  making 
t  step  in  the  room  temperature  cf  VJC,  and  mea¬ 
suring  the  maser  frequency  change  after  approxima¬ 
tely  1 J  hrs  i.e.  when  the  maser  frequency  has 
reached  its  new  equilibrium  value. 

There  is  evidence  from  these  measurements  that 
frequency  stability  fer  the  longer  averaging  times 
lO'bOO)  will  depend  strongly  on  the  ambient 
temperatures  fluctuations  which  should  be  kept  at 
the  level  necessary  for  the  desired  frequency 
ntabi 1 i ty . 


TABLE  i 

CHARACTERISTICS  OF  EFOS  MASER 

Overall  characteristics 

Sire 
Weight 

Power  Supply 
Power  Consumption 

Construction  details 

-  Dual  chamber  vacuum  system 

-  Quatrupole  state  selector 

-  Quartz  bulb  for  H  storage:  4.S  liters 

-  Aluminum  cavity 

-  3  thermal  shields 

-  4  magnetic  shields 

-  5  thermal  controls 

-  Receiver  in  the  maser  head 

Phvs i cai  charact nr i st i cs 
n 

Lin.,  y  2  x  10 
Output  [K'W^'r  -  -lot'  dBm 
Loaded  cavity  Q  -  ?VCV0 
CAVITY  PUM.INO  FACTOR  ■■  1  .  .M,  x  ] 

Cavity  t’.inina:  t  y  tomppr.ituri'  ar.d  varactor 
Mat  "r  t  (’mp.'r.itm  I  c,  f  f  i 1  ctit  ,t  x  l"'1'1,'  C 

M.vvr  maqn.’tic  (fu  irr.t  t  x  1 1  “  i  ' ’cacss 


500  x  500  x  1150  mm 
70  ku 

20-30  Volt  FROM  EXTERNAL 
BATTERIES 

<  100  Watts 
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Figure  3.  Frequency  Stability  Measuring  System 
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THE  TORSIONAL  TUNING  FORK  AS  A  TEMPERATURE  SENSOR 


R.J.  Dinger 


ASULAB  S .  A.  ,  NeuchStel,  Switzerland 


V 


Summary 


A  resonant  temperature  sensor  has  been  develop ah 
using  a  torsionally  vibrating  quartz  tuning 
fork.  The  unit  has  a  linear  temperature 
coefficient  of  35  ppm  /  flC,  operates  at  262  kHz 
and  is  packaged  in  wrist  watch  tuning  fork 
capsules  of  1,5  mm  diameter  and  5,3  mm  overall 
length. 


A  • 


Key  words:  Ouartz  crystal  resonator,  temperature 


st  near. 


I:it  r uductio:'. 


r.  •!  .-m  uully  vmrattnq  quart./,  crystals  imv 
used  for  a  long  tin>-  as  transducers  or  sensors 
!  physical  {  aramete rs.  Mason  ^  already  l 
1  4  1  ‘':>un  i  l  sued  a  paper  repos  mq  t.:.e  u..<*  of  a 

*  r:ioi. -oar  crystal  to  measure  the  viscosity 
:  liquids  arid  his  i  .Jed  ua*  be*-:,  improved 

r-  iy  .  Torsionally  vibrating  tuning  forks 
r*-  .  .vest  l  gated  in  l  *7*  by  J.  H-rman:.  f  the 
'•  :1  1  1 1  ind  i  .'pendent  Iy  :  y  S.e.  rnuang  i 
st  i*  »k  G  rp.  m  1*77  Ml.  •  auth  -rn  were 
1 .  ■-  r; .  nc;  f or  d  medi  u:n  o*  lew-  f  r-  qu* -u.  y  c ry  t  a  1 
w .  i  a  t  requency- 1  emf  •  rat  ur*- 

n.«  r  ic  t « •  r  i  ■»  1. 1  c  t.nan  trie  usual  x  -  y  flexur« 

*  ur.iig  fork.  Tne  project.?-,  were  <iroj  :  e  i  mainly 

■.s..  t. :  *.•  lew  :  ;••/.■«  'nc  c  u:  i  ni  of  •>  t  c-t  - 
nil  cry  nil  wi.icn  :nas-  Jtifi  •  <■•  s  ••  .m 
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t..-  developin'  nt  of  a  quartz 
Tne  f  p-queiicy-t  mp-'rat  ur--  b« 
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As  shown  earlier  13]  ,  linear  frequency-temperature 

orientations  exist  for  torsionally  vibrating  quartz 
crystals  and  a  small  tuning  fork  encapsulated  in 
wrist-watch  resonator  cans  of  1,5  mm  diameter  seems 
to  us  a  good  answer  to  the  above  mentioned  market 
requirements . 

Thermal  parameters  cf  the  sensor 

In  order  t.:  calculate  the  f  re quency- temper at  arc* 
behavicut  a  torsional  tun::.. a  fork  a  n.ro- 
.iime:. -ional  :  mite  •  n-dn'd  -.r  equivab 

teenn :  j  j>  rent  i.*  used.  It  bar  fee:,  found 
•  xper  :ra«'!;- a  i  iy  newevrr  that  th.  d  i  f  f  e  r.-uce:  ret - 
ween  t  !.•  •.a  imlated  values  and  expert  in-n;*,.: 

results  are  mainly  du**  t .  •  the  errors  of  *:.e 
f und.tmor.t  il  constants  u?ei.  Wo  tV'.e*o  for-.-  im,  - 
1  l  •  -<i  trse  r.i  i«  1  an  i  v.m  1  cu  1  dted  a  f  rec-f  re<  •  :  ir.  In 
j  il:  Ms.  »:.•  inv-'S.t  i  :;at  i  was  limited  t  cry.-t .« ; 

:  w  navin  J  t:.e:r  e-ngtn  :  .iral  ;c  1  f  *,  *:.■•.  crystal- 
•::ra:n...  x-axis  t  re  id  a  second  cut  mil*  mi 

:1m:  tna*  c.m  :•  cbt  a ;  :  m  this  cm.  nt  a‘  :  . 

With  t;  ::  in:.  1  i  f  l  cat  i  ■  t  :i.-»  f  * -qu.  cry  nay  :■ 
calculated  .mdlyt ical ly  l'l  »  1^1 


:  r-  -.Jiii  or  iiii  •'  : . .  -d  :o:.t  uinq  interest. 

‘  i  *.:•*■  r  and  t  r  u  ••  •marts  t .  ;;i:  =.  rat  are 

n  «Vf  ij* -it  f  v* •  i .. :  •  ■  i  and  r- .min*  r;:i  al  i /.i-ij 

t  '.r  >  ‘  ut  <- r •  al  >*  ^  il«*wl-  1 1 -Pack  ard.  -  We 
*'  i*  tf.it  tie  '  XI  Mu  j  win  <ir<  to-,  bulky,  t  jo 
•  a-  •  n  iv*  Hid  tor  <i; >5  1 1  e«if  1  or>: .  >  iiigi,  1.. 

4  '  ;  1  h*  ’■v*'f  i:.er*  a  mq  u  •  t  micro- 

;»  •  •.•on.  f  -r  -ont  rol  of  «-qui  :-nn  :■»  a 

.of*  ::.ark*-'  t  >1  iigital  1  *:.  »*  •■  •d  u>* 

■  *  r  :  I  y  nr*-  M.--  r  '  t  t  •  1  n,i:.  -  f  1 .1:  .•  ,ra»  cry 
:•  *  r  irr-.t.  .  :  ut  r-‘  ?  ::  im  r  *•:  o  1  »r> 

;  t  i  .•■  ,  5  .*•  •  »n  1  p-  w-  r  .m:  t  » 
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t  /  w 


.v :  * •  i  ?,  a  *  ..  it<-  t!if  e*y-t  a!  r  •; :  cknes- , 

wiJt..  md  hngtn,  it:,  density  and  the  parameter 

W  j  _I>_5 

V  \  l’V 


>  e.  i  s.,,,  up-  t:>-  turned  .xmpl ;  mod  a  l  i  of 

quart /. 

The  f r-  luoiicy- temperature  behaviour  of  a  quartz 
: i  s  u--n  L.ir  ha.-  i-oon  calculated  according  to  eq. 

I  a.--ing  Beohmann’s  constants  1'^  .  As  usual  the 

frequency  has  l  een  fitted  to  a  third  order  f>oiy- 
i h  >:ui  n.» ! 


I  (T)  1  .  i  IV 


1  +■  t  (T-T0  )  +  b  (T-T o  )  2  +  >  (T-T0  ) 


(2) 


us  i 1 1 » j  C*  as  the'  reference  tempt* rat ure  . 

T:ie  i  ) f  the  thickness  to  width  ratio  t/w 
with  vum  »ninq  second  order  temperature  coeffi¬ 
cient  ;•  art-  plotted  in  fig.  1  as  a  function 
.  :  *:,«■  cut  ancilo  0,  defined  as  shown  in  the 


i  n  r  . 


5'  -*  --  *  -K-  120 


e 


<  o 
\ 


The  figure  also  shows  tin-  fir  !  order  t  ■  -mi- ■»  si»  .*• 
coefficient  i  associated  with  thi:  t  'w  -rate...  i\ 
may  be  seen  that  a  lim  ar  f  re-piet.. -y-t  emper  jt  ir-- 
character  i  st  i  e  will  in*  oi.t.iiri.  J  f  r  ■.  nt -<c.g  i  -  ■ . 
between  sd°  and  115°  aril  that  t  h"  st  r «  ji  . -i«  -  r  t  1  i :  *.i  r 
temperature  co<f  f  i  cien  t  s  are  found  ur  ar.J  0(fJ.  T.n 
large  slop*-  of  the  :  and  t/w  cur  ’*  it.  this  regj.u. 
requires  tignt.  cut -angle  cc.r  r<-i  an;  t  :.*  s::i  1 1  : 
tiiicknecv.  to  width  ratio  would  y  ^  e  1  i  si:,  ill  C; 
values  (of.  fig.  r*>.  For  these  and  tech:-  I  an  il 
reasons  cut -angles  around  MU'"  ("z-cut"  )  huv-  l  *  -  -  • . 
preferred  and  tins  paper  describes  tuning  forks 
made  from  rh.’°  material,  which  is  the  ur.ua  1  cut  ter 
x-y  flexure  tuning  forks  for  wrist -watch  applica¬ 
tions.  The  thermal  parameters  lor  a  cut -angle  uf 
‘>2°  have  bet'ii  investigated  experimentally  an  J  the 
result  is  plotted  in  fig.  2. 


Fig.  2:  First  order  (t)  and  second  order  ( »• ) 

temperature  coefficient  as  a  function  of 
the  thickness  to  width  ratio  t/w. 
broken  lines  :  calculated 

solid  lines  :  experimental  results 


The  broken  lines  are  calculated  curves  and  tne 
solid  lines  give  the  experimental  results.  Tin- 
calculated  curves  show  that  the  coefficients  i  uni 
f  vary  linearly  with  the  thickness  to  width,  rate 
justifying  the  straight,  lines  through  the  mov- u>  "  : 
values.  There  is  a  considerable  difference  boi »  •  • 
the  experimental  and  theca  it  a  cal  curves.  Tiie  ex¬ 
perimental  results  have  been  mesured  with  a  lire 
number  of  tuning  forks  made  in  different  n  }  :■•<= 
from  different  crystals.  The  results  aa*  ee  wit:  i 
parameters  measured  on  samples  made  mor*5  roc*:. fly 
m  the  product  ion  line.  For  these  reasons  the  ex¬ 
perimental  curves  are  considered  reliable  »h J 
error  i  t nought  to  be  in  the  calculated  one.-.  In 
fact  it  ha  r  bee«  found  that  the  thoorct  leal  result 
is  very  sen.  it*,  v  to  the  ^laRti.'  paramo  ta  rs  i:;  1 
their  temperature  co'-f  f  l  ci <  n  t  s  . 


Fin.  1:  Ux:i  of  vanishing  second  order  coef¬ 
ficient  as  a  function  of  cut-angle 
ff-r  the  thickness  to  width  ratio  t/w 
k.  i  the  first  order  temperature  coef- 
f  i  c  i  ■nt  r . 


Fig.  -  shows  that  it  is  possible  to  make  u  lmr.it 
j.-vtc"  {i:i  t  tie  sons**  of  a  device*  with  vanishing 

S'-eorni  order  trmprr.it  un.1  coefficient  .■  )  -  Using  a 
o 

cut -angb*  rf  V  ,  thi>  would  \mj  t  he  case  for  a 
tt.it  kness  to  width  ratio  of  about  0.71.  The  ca- 
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responding  linear  temperature  coefficient  a  is 
about  20  ppm/°C. 

For  most  of  the  applications  of  this  temperature 
sensor  it  is  preferable  to  have  a  larger  linear 
coefficient  a  even  if  this  means  that  a  second 
order  coefficient  $  is  present.  An  analysis  of 
the  overall  error  of  the  device  quickly  shows 
that  within  the  limited  temperature  range  (e.g. 

-  55oc  to  ♦  125°C)  where  most  applications  are 
found,  the  absolute  calibration  error  and  the  de¬ 
viation  of  the  linear  temperature  coefficient 
from  its  nominal  value  are  sufficiently  large  to 
allow  for  a  small  0  without  a  significant  in¬ 
crease  of  the  overall  error.  For  these  reasons 
the  first  product  developed  uses  a  thickness  to 
width  ratio  of  0.57.  This  ratio  gives  the 
following  thermal  parameters 

a  *  34  ppra/°C 

6  =  20  ppb/°c2 

The  third  order  coefficient  y  cannot  be  predic¬ 
ted  by  tha  calculation  mentioned  above  due  again 
mainly  to  the  errors  in  the  basic  constants  of 
quartz.  Experimentally  it  has  been  found  that 
the  coefficient  y  does  not  contribute  to  the 
overall  error  of  the  device.  A  fit  according  to 
eq.  2  of  the  experimental  results  yields  values 
of  the  coefficient  y  of  the  order  of  10“ll/°C3. 
Since  the  experimental  accuracy  influences  the 
value  of  1  very  much  it  is  difficult  to  measure 
its  value  accurately.  The  probable  best  value 
is  obtain  2d  by  measuring  the  sensors  at  cryogenic 
temperatures  (liquid  nitrogen)  thus  enabling  a 
fit  from  -  200°C  to  +  150°C.  Doing  this  we  obtain 
for  the  t.iird  order  temperature  coefficient  y  : 

Y  -  9  x  10~12/°C3 

Fig.  3  shows  the  frequency  vs.  temperature  dia¬ 
gram  of  a  typical  unit  made  from  92°  cut  material 
and  having  a  thickness  to  width  ratio  of  0.57. 


Electrode  pattern 

The  electrode  arrangement  used  for  a  torsionally 
vibrating  bar  or  tuning  fork  uses  the  x  -  y  shear 
stress  produced  by  an  electric  field  parallel  to 
the  y-axis,  originally  proposed  by  Giebe  and 
Scheibe  HO)  .  Depending  on  the  cut-angle  the 
actual  electrode  pattern  is  different.  Fig.  4 
shows  the  cross  section  through  one  tine  of  the 
tuning  fork  with  the  metallization. 


Fig.  4:  Cross  section  through  one  t i  •  e  of  the 

tuning  fork  with  electrodes.  Tne  arrows 
give  the  electric  field  used  for  driving 
the  crystal. 


For  cut-angles  close  to  the  "z-cut"  the  elect.,  <• 
arrangement  a)  is  used  while  for  cut-angles  around 
45°  (135°)  the  pattern  shown  in  fig.  4fc  is  mor* 
favourable.  The  latter  is  identical  to  the  metal¬ 
lization  pattern  of  an  x-y  flexure  tuning  fork 
(but  ti.e  x-y  flexure  tunma  fork  has  its  length 
parallel  to  the  y-axis).  For  the  '.)2°  cut-angles 
considered  m  this  paper  -  almost  a  run'  "z-cut"  - 
the  arrangement  according  to  fig.  4a  was  chosen  an 
fig.  5  shows  the  piezoelectric  coupling  obtained 
with  this  electrode  system.  The  figure  gives  tne 
measured  motional  capacitance  Cj  per  unit  length 
of  the  electrodes  for  both  tines  of  a  tuning  fork. 


T  CC) 

Fig.  k  Frequency- temperature  characteristic  of 

a  tuning  fork  with  =  92°  and  t./w  •  0.57. 


Fig. 


t  1  w 

Motional  capacitanc-  j-or  unit  b-ngth  of 
th«  •' I* •ct rod*1  s  us  .1  f  unct  ion  t  no  thick 
to  width  ratio  for  ih<-  at  rangomont 
ac. -or -ding  to  f  ij  4a  and  u,1  . 
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Tuning  fork 


Witi;  an  electrode  length  of  1.5  to  2  mm  a  state 
I..-!'  the  art  device  gives  a  motional  capacitance 
of  U.J  tu  0.4  fF,  one  ord«*r  of  magnitude  less 
tnun  l j i« *  usual  x-y  flexure  tuning  fork*.  This  low 
motional  capacitance  seems  to  be  a  serious  disad¬ 
vantage  ot  t lie  sensor  mainly  tx>  cause  fine  fre¬ 
quency  adjustment  using  a  tr  i  mine  r-capaci  tor  is 
\  i act  : cully  impossible.  If  tne  problem  associa¬ 
ted  wi  tn  tin*  design  of  a  t  r i  irniK-r-capari  tor  in  a 
t  i!i’ rmometer  probe  (that  may  bo  immersed  in  a 
liguidi  an-  considered  one  concludes  immediate ly 
tnal  a  t  r l mmer-capaci tor  should  m>f  he  used  even 
if  the  resonators  Cj  would  allow  it. 


Fig.  o:  The  torsional  tuning  fork  with 
electrodes . 

Fig.  6  snows  an  overall  view  of  the  torsional 
tuning  fork  with  the  electrode  pattern.  Compari¬ 
son  wi  t.:i  the  metallization  pattern  of  x-y  rle- 
xure  tuning  forks  HU  shows  that,  the  metalliza¬ 
tion  pattern  for  the  torsional  tuning  fork  is 
much  simpler  and  easier  for  a  production  technique 
based  on  photolithographic  methods  and  chemical 
milling.  In  particular  there  are  no  parallel 
electrodes  of  opposite  sign  triat  are  close  toge¬ 
ther  and  the  side  metallization  only  serves  to 
out  act  tne  upper  and  lower  main  surfaces. 

Paramo tors  of  the  unit 

K;.  !  snow;  til  at  t.m-  frequency  is  given  by  the 
!•  ,  •  f  tne  tines  «.f  t  no  tuning  fork  once  the 

t .  ••  •  Mtj-i  1  parameter',  an  i  tne  tnickn*-rs  to  width 
►•-Vio  ire  f;x"d.  F*r  tin.;  development  an  overall 

<o  .  of  l.n  mm  diameter  and  a  lci.gtn 

I  u  < . :  j  t  mm  w*  *  i  *  ■  regain’d  to'ietnel  with  tne 
tnermil  p.iram»-t  r  i  ment  above  and  a  binary 

ft  pi-uiey.  Analysis  of  tin’  problem  leads  to  the 
i  i  ;  ■  iii-i  dimensions  and  parameters. 


Overall  length  4 .a  mm 

live  rail  widt.n  < ) .  7  mm 

Thickness  u-125  mi:. 

Frequency  262  144  Hz  = 

Motional  Capacitance  0-3  fF 

Equivalent  Resistance  15  k  '  typ. 

Encapsulated  sensor 

Overall  length  5.3  mm 

Diameter  1.5  mm 


Aging 

A  temperature  sensor  must  be  able  to  operate  C'U'-- 
tantly  at.  the  upper  limit  of  its  specified  tem¬ 
perature  range.  Therefore,  the  aging  characteris¬ 
tic  of  the  crystal  is  a  very  important  pa:  .meter 
and  can  strongly  influence  the  overall  accuracy. 

Accelerated  aging  •  xperiments  ha  'e  been  perform-.: 
in  order  to  estimate  the  long  term  frequency 
stability.  Fig.  7  shows  the  result  of  a  lev1  - 
test  at  150°C.  The  curves  show  the  frequency  dr.:* 
of  tne  best  sample  (curve  )  and  the  worst 

sample  (curve  ©  )  from  a  lot  of  10  pieces.  (Tn*. 
aging  curves  of  the  other  samples  are  between  cur¬ 
ve  Q  and  curve  (^  ) .  No  preaginq  of  these  devi¬ 
ces  has  been  made  prior  to  this  test. 


Fig.  7:  Aging  characteristics  of  the  temperature 
sensor  (for  explanation  see  text', 

The  almost  parallel  behaviour  of  curves  ©and© 
suggest';  that  the  temperature  control  of  the 
measurement  fixture  was  not  sufficient.  In  fact  , 
for  the  measurement,  the  resonators  wore  taken 
out  of  the  150°C  ■■von,  cooled  down  to  room  temperatu¬ 
re  and  placed  in  a  small  measurement  fixture,  tem¬ 
per;*  tun*  stabilized  by  a  Peltier  element  to  2  0 . 

The  influence  of  the  ambient  temperature  on  tin- 
fixture  temperature  was  found  to  be  0.1°C  per  de¬ 
gree  Celsius  of  room  temperature  change.  With  a  li¬ 
near  temperature  coefficient  *  of  35  ppm/c  C  tins 
me.v.s  that  an  apparent  frequency  drift  of  1.5  ppm 
observed  for  every  degree  Celsius,  of  variation  of 
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INERT  141.  GUIDANCE  AND  \JH DERWATER  SOUND  DEI ECT L‘)N  USING  SAW  SENSORS* 


E..J.  Staples,  .1.  Wise  and  A.p.  Andrews 


Rockwell  International  Microelectronics  Research  and  Development  Center 
1049  Ca.nlno  Dos  Rios 
Thousand  Oaks,  California  91360 


J  Summary 

This  paper  examines  the  use  of  SAW  sensors  for 
inertial  guidance  and  underwater  sound  detection. 
In  the  detection  of  underwater  sound,  dynamic 
rather  than  static  loading  of  the  SAW  crystal 
takes  place  resulting  in  information  carrying 
sidebands  in  the  SAW  oscillator  spectrum.  Studies 
have  shown  that  the  sensitivity  of  prototype  sen¬ 
sors  in  terras  of  signal-to-noise  is  at  least  equal 
to  that  of  conventional  hydrophones* 

As  an  accelerometer,  the  SAW  sensor  provides 
high  accuracy,  a  large  dynamic  range  (10®),  and  a 
digital  output  without  using  analog-to-digital 
conversion.  Using  relatively  simple  digital 
processing  techniques,  the  accelerometer  output 
can  provide  inertial  information  such  as  velocity 
and  displacement.  Studies  of  the  integrated  error 
rates  for  SAW  accelerometers  have  shown  that  they 
can  consistently  provide  error  rates  less  than  a 
nautical  mile  per  hour.  The  SAW  oscillator  sensor 
is  a  promising  candidate  for  high  performance, 
moderate  cost  sensor  applications^^ 

Introduction 

The  application  of  SAW  sensors  to  underwater 
sound  detection  and  inertial  guidance  is  described 
in  this  paper.  Several  previous  papers1*5  have 
described  the  performance  of  SAW  crystal  oscil¬ 
lators  when  used  to  detect  stress  or  strain  as 
experienced  in  sensing  the  pressure  applied  to  a 
quartz  crystal.  In  the  detection  of  underwater 
sound  the  pressure  is  dynamic  rather  than  static 
and  this  results  in  information  carrying  sidebands 
in  the  SAW  oscillator  output  spectrum.  Studies4 
have  shown  that  the  sensitivity  of  SAW  sensors  is 
at  least  equal  to  conventional  hydrophones  with 
respect  to  signs 1-to-nolse  ratios  In  the  low  audio 
spectrum  (0-1000  Hz). 

Another  useful  application  of  SAW  sensors  is 
the  detection  of  acceleration.  In  this  applica¬ 
tion  the  SAW  crystal  has  the  advantage  that  it  can 
he  tailored  to  any  shape  without  affecting  the 


*Work  supported  by  Defense?  Advance  Research 
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resonant  frequency  of  the  resonators  because  the 
SAW  frequency  is  independent  of  the  bulk  crystal 
shape.  Likewise  the  attachment  of  the  proof  mass 
for  fixing  the  scale  factor  of  the  sensor  does  not 
affect  the  resonant  frequency  of  the  sensor 
crystal. 

SAW  accelerometer  sensors  can  also  provide 
inertial  information.  This  is  accomplished  by 
integrating  the  sensor  output  twice,  once  to 
generate  velocity  information,  and  a  second  time 
to  generate  displacement  information.  Recause  the 
>aW  sensor  output  Is  a  frequency  proportional  to 
acceleration.  It  can  easily  Interface  with  digital 
processors  without  using  A-to-D  conversion  cir¬ 
cuitry. 

SAW  Sensor  Fabrication 

SAW  resonators  were  photolithographical iy  pro¬ 
duced  on  polished  ST-cut  quartz  blanks  the  size  of 
which  had  been  determined  by  the  particular  appli¬ 
cation.  For  underwater  sound  sensors  the  blanks 
were  disks  0.020  *  0.550  in.  in  diameter  and  for 
accelerometers,  bars  0.010  *  0.200  *  1.050  in. 
were  used.  The  resonator  electrode  pattern  con¬ 
sisted  of  two  reflective  gratings  symmetrically 
placed  on  either  side  of  a  40  finger-pair,  cosine 
weighted  lnterdigltal  transducer.  The  reflective 
gratings  were  fabricated  using  a  reactive  ion  etch 
technique  in  a  freon  plasma.5 

SAW  sensor  crystals  for  underwater  sound 
detection  operated  at  a  frequency  of  62  MHz,  had  a 
Q  of  nominally  25,000  and  a  series  resistance  of 
30  ohms.  SAW  accelerometer  sensor  crystals 
operated  at  a  frequency  of  400  MHz,  nominally  had 
a  Q  of  15,000  and  a  series  resistance  of  SO  ohms. 
Oscillator  circuitry  was  fabricated  using  all 
hybrid  chip  components. ^  Because  a  single¬ 
port  /single-pole  resonator  crystal  design  was 
used,  oscillator  circuitry  typically  required  only 
a  one  transistor  amplifier  with  nominally  3  JR  af 
gain.  This  resulted  in  a  minimum  number  of 
components,  high  stability,  and  low  cost. 

Static  Loading  Charac terlst les 

SAW  crystals  operate  as  sensors  by  converting 
an  applied  strain  to  a  frequency  deviation. 
Application  of  strain  by  loading  the  crystal 
mechanically  results  in  a  static  frequency  change 
which  Ls  a  function  of  the  geometry  of  the  loading 
fixture  and  the  direction  of  applied  force  with 
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the  room  temperature.  This  easily  explains  the 
form  of  these  curves.  In  order  to  overcome  this 
effect  the  difference  oe tween  curve  ©  and 
was  plotted  (curve  labeled  ©  ). 

Tnis  curve  (  @  )  is  considered  reliable  enoug!' 
to  allow  an  estimate  of  the  aging.  A  logarithmic 
aging  according  to 

.\f/f  -  a  log  (3) 

fits  t.ne  data  well  and  leads  to  a  constant  a 
of  -  3  ppm  if  to  is  1  nour. 

From  similar  experiments  with  series  showing  a 
stronger  aging,  permitting  tests  at  different 
temperatures  it  nas  been  found  that  the  constant 
a  doubles  for  eve*^  10°C  of  temperature  increase. 
Extrapolating  this  behaviour  to  resonators  with 
typical  aging  performance  one  finds  that  the 
absolute  value  of  the  constant  a  is  certainly 
oelow  1  ppm  at  the  maximum  specified  operating 
and  storage  temperature  of  +  125°C. 

Conclusions 

A  torsional  tuning  fork  witn  its  length  parallel 
t.-.‘  t  :.*■  x-axis  :.a-s  been  w  lopi-d  for  r emf** .’r  it.uro 
r  ,ij  :  iicitions.  Ivpi-ndLmj  on  *:i*-  cut-angle 
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.c:.  •  . vaiii  ng  \  or  ler  t  •  -  :ns '«  rat  ur-.  euoi- 

.  t  •  ■ : ;  ?  >  .part/  Ui->i  :ik  n-.'tct  can  :j»*  made  n.ivmg 
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’■nil  •*  i'jm/'-V. 
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respect  to  the  cryatal  axes.  A  teat  fixture  to 
measure  the  streas  sensitivity  about  any  axla  of  a 
SAW  raaonator  waa  fabrlcatad  and  uaad  to  measure 
fraquency  deviation  vs  loading  charactarlatlca. 
Thrae  typaa  of  loading,  daplctad  in  Fig,  I,  vera 
parformad,  (a)  cantilever  banding,  (b)  simple 
tanalon  and  (c)  uniform  dlaphram  loading,  Tha 
results  are  shown  In  Table  I  as  coefficients 
obtained  from  least-squares  fitting  experimental 
data.  Banding  the  Y'-axls  of  a  SAW  crystal 
produces  a  positive  frequency  shift  aa  opposed  to 
a  negative  frequency  shift  for  banding  about  the 
X-axls.  Both  affects  occur  during  uniform  dla- 
phram  loading. 


Tabla  1 


fraquency  distribution  vs  observation  time  (Allan 
variance)  or  as  a  spectral  distribution  (phase 
noise)  as  a  function  of  frequency  offset  from  the 
carrier.  Previous  studies'1  on  many  types  of  SAW 
oscillator  crystals  have  shown  that  the  best  sta¬ 
bility  la  achieved  by  high  Q  SAW  resonators  as 
opposed  to  SAW  delay  line  controlled  oscillators 
which  have  lower  Q  than  resonators.  Typically 
these  oscillators  have  an  Allan  variance  of  l  * 
10”10  over  measurement  times  0.01  to  10  sec. 
Alternatively,  the  phase  noise  for  a  400  MHz 
resonator  controlled  SAW  oscillator  is  -70  dB/Hz 
at  10  Hz  from  the  carrier  and  less  than  -120  dB/Hz 
at  1000  Hz  from  the  carrier.  For  a  SAW  sensor 
with  a  full  scale  frequency  deviation  of  200  ppm, 
and  a  noise  floor  of  1  *  10"13,  the  Instantaneous 
dynamic  range  Is  2  *  10 6 . 


Test 

Measured  Result 

1. 

Cantilever,  x-axls 

-112  Hz/gram 

2. 

X-axls  tension 

-14.8  Hz/gram 

3. 

Cantilever,  Y'-axis 

+34.9  Hz /gram 

4. 

Y'-axls  tension 

+  0.3  Hz/gram 

5. 

Pressure  Diaphragm 
(compression) 

+13.4  Hz/mm  Hg 

UNiromi  LOADING 

limit 

T7T7T777T 


Fig.  1  Static  loads  applied  to  SAW  sensor 
crystals;  (a)  cantilever  bending, 

(b)  tension,  and  (c)  uniformly  loaded 
diaphragm. 

Bias  Stability 

Because  SAW  sensors  operate  by  converting 
applied  strain  to  frequency,  frequency  stability 
becomes  equivalent  to  what  Is  commonly  termed  bias 
stability.  Bias  stability,  together  with  the  full 
scale  frequency  deviation,  determines  the  noise 
floor  and  dynamic  range.  Frequency  stability  In 
SAW  oscillators  can  be  expressed  as  a  fractional 


In  SAW  aensors,  bias  stability  Is  predomi¬ 
nately  controlled  by  long  terra  aging  and  temper¬ 
ature  stability.  In  practically  all  SAW  sensor 
designs  dual  resonator  crystals  are  used.  The 
sensor  output  la  the  difference  frequency  of  the 
two  SAW  oscillators  which  is  Invariant  to  aging 
and  temperature  to  first  order.  Shown  In  Fig.  2 
Is  the  long  terra  aging  of  two  SAW  resonators  fab¬ 
ricated  is  a  dual  crystal.  Shown  In  Fig.  3  is  the 
differential  aging  of  the  two  resonators.  Al¬ 
though  the  absolute  aging  amounts  to  several  ppm, 
the  differential  aging  Is  practically  zero  because 
the  two  resonators  age  together  with  time.  In 
order  to  achieve  good  long  terra  bias  stability  In 
SAW  sensors,1*  crystal  processing  and  packaging 
must  be  closely  controlled. 


Fig.  2  T.ong  term  aging  (absolute)  of  two  SAW 
resonators  fabricated  as  a  dual 
resonator  sensor  crystal. 


Fig.  3  Differential  aging  for  Jual  resonator 
sensing  crystat  showing  long  t  -rm  Mas 
stability. 
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Sensor  bias  Instability  due  to  temperature  can 
also  be  reduced  by  using  dual  resonator  crystals. 
In  the  sensor  described  In  this  paper  dual  resona¬ 
tors  fabricated  on  the  same  quartz  substrate  were 
used  to  control  two  oscillator  circuits.  To  first 
order  any  temperature  variations  influenced  both 
oscillators  Identically  making  the  difference  fre¬ 
quency  invariant  to  temperature.  Shown  in  Fig.  4 
are  histograms  obtained  when  the  temperature  was 
varied  at  a  constant  rate  from  25°C  to  85°C. 
Because  the  frequency  scale  Is  In  ppm  both  oscil¬ 
lators  start  out  equal  at  0  ppm,  however,  as  the 
temperature  rises  the  frequency  change  is  not 
equal.  The  primary  cause  of  this  bias  Instability 
was  found  to  be  /ariations  in  the  metallization 
thickness  of  the  resonators.  This  in  turn  caused 
the  resonators  to  have  slightly  different  para¬ 
bolic  turning  points.  The  same  data  plotted  as  a 
differential  frequency  is  shown  in  Fig-  5  and 
shows  the  bias  stability  to  be  linear  over  the 
60'C  range.  These  results  show  that  to  compensate 
against  temperature  perfectly,  closely  matched 
pairs  of  resonators  must  be  fabricated. 

<»)  MRDC  S3  17731 


Fig.  5  Differential  frequency  stability  or  bias 
stability  as  a  function  of  temperature, 
25° C  to  85°C. 

Frequency  modulation  of  the  SAW  oscillator 
produces  an  instantaneous  frequency  which  is 
proportional  to  the  modulating  signal  at  fre¬ 
quency,  «n. 

w.  (t)  *  W  +  Aw  cos  (w  t) 
i  c  ra 

where  Aw  is  the  amplitude  of  the  frequency 
deviation.  Since  the  instantaneous  frequency  is 
defined  to  be  the  derivative  of  the  phase,  the 
output  waveform  will  be  given  by. 


Vo<t> 


A  cos 
c 


Aw 

w  t  +  —  sin  w  t 
c  w  ra 


0  30  60  90  120  150  180  210 

TIME  (min) 

Fig.  4  Histograms  showing  (a)  dual  crystal 

oscillator  frequencies  and  (b)  temper¬ 
ature  as  a  function  of  time. 

Underwater  Sound  Detection 

A  prototype  underwater  sound  wave  detector  was 
constructed  using  \  cantilever  bean  SAW  sensor. 
Each  hydrophone  contained  two  Independent  crystal 
oscillators  and  difference  frequencies  of  10  kHz 
and  12*  kHz  were  used.  Sound  waves  in  the  water 
were  transmitted  from  a  thin  sensing  diaphram  to 
the  SAW  crystal  by  means  of  a  steel  shaft  and  the 
sensing  crystal  was  mounted  aa  a  cantilever  beam 
with  the  bending  axis  perpend Icular  to  the  sag- 
git  a  l  plane. 


The  peak  frequency  deviation  Aw  is  independent  of 
Wju ,  while  the  peak  phase  deviation,  A  A  *  Aw/w^,  is 
inversely  proportional  to  the  modulation  fre¬ 
quency.  AO  is  commonly  referred  to  as  the  modula¬ 
tion  index. 

The  amplitude  of  the  FM  sidebands  relative  to 
the  carrier  can  are  represented  by  a  Bessel  func¬ 
tion  expansion  of  the  signal  waveform 

oo 

v  (t)  -  A  J  (AO)  cos  (w  +  nw  )t 

o  c  f.  n  cm 

n«-® 

SAW  hydrophones  were  fabricated  and  tested  by  com¬ 
paring  with  a  calibrated  Naval  G-19  hydrophone 
which  had  a  sensitivity  of  -205.5  dB  re  l  V/u?a. 

In  these  tests  the  frequency  spectrum  or  sidebands 
of  the  SAW  oscillator  were  measured  under  differ¬ 
ing  conditions  of  Irradiation  by  ultrasound  in  a 
water  column. 

An  example  of  the  data  taken  is  shown  in 
Fig.  6  and  consists  of  two  spectrum  plots.  Figure 
6a  is  a  baseband  spectrum  of  the  calibrated  Navy 
hydrophone  indicating  the  presence  of  a  100  Hz 
tone  with  an  intensity  level  of  -68.873  dBV  (7 
pascals).  The  corresponding  SAW  hydrophone  output 
9pectrum  is  shown  in  Fig.  6b.  The  SAW  sensor  IF 
was  set  to  10  kHz  and  the  spectrum  analysis 
performed  about  this  frequency  as  shown. 
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Fig.  6  SAW  hydrophone  output  (a)  compared  with 

conventional  baseband  hydrophone  response 
(b). 

Sideband  signal  levels  were  measured  at  dif¬ 
ferent  frequencies  by  holding  the  intensity  fixed 
at  a  level  of  2  pascals.  The  frequency  range 
covered  was  50  to  1000  Hz.  The  ratio  of  stdeband- 
to-carrier  signal  level  at  each  modulating  fre¬ 
quency  provided  a  measure  of  the  modulation  index 
at  that  particular  frequency.  Frequency  deviation 
was  obtained  by  multiplying  the  modulation  index 
by  the  modulating  frequency.  \  plot  of  experi¬ 
mental  frequency  deviation  vs  modulating  frequency 
Is  shown  in  FLg.  7  and  a  peak  In  the  deviation 
occurs  at  approximately  500  Hz  due  to  the  mechan¬ 
ical  resonance  of  the  diaphram  post  linkage  and 
the  sensor  mounting  structure.  The  observed 
frequency  deviation  is  consistent  with  the  device 
geometry  and  static  cantilever  loading. 

In  order  to  compare  the  sensitivity  of  SAW 
hydrophones  to  conventional  (baseband)  hydrophones 
the  slgnal-to-nolse  ratLo  a3  a  function  of  modula¬ 
tion  frequency  was  measured  under  a  1  pascal  irra¬ 
diation.  The  results  are  listed  In  Table  II.  The 
SAW  sensor  S/N  reached  a  high  of  60  dB  for  low 
modulation  frequencies  and  hecame  equal  to  that  of 
the  calibrated  phone  at  approximately  1000  Hz.  At 
low  modulation  frequencies,  <  500  Hz,  the  SAW 
hydrophone  is  comparable  to  a  baseband  hydroph  >ne 
w*th  a  sensitivity  of  -ISO  dB  re  1  V/uPa.  The 
high  sensitivity  is  a  result  of  low  phase  noise  In 
the  SAW  oscillator  and  Increasing  Modulation  index 
at  low  modulation  frequencies. 


»  « 
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Fig.  7  Experimentally  measured  frequency  devia¬ 
tion  vs  modulation  frequency. 


Table  II 


Modulation 

Frequency 

(Hz) 

Sideband 
To  Carrier 
(dB) 

Modulation 

Index 

Frequency 

Deviation 

(Hz) 

50 

-25.3 

0.1089 

5.45 

100 

-39.0 

0.0224 

2.24 

200 

-46.0 

0.0100 

2.00 

300 

-44.0 

0.0125 

3.75 

400 

-45.0 

0.0112 

4.48 

500 

-37.5 

3.0267 

13.35 

600 

-41.1 

0.0175 

10.50 

700 

-50.3 

0.0061 

4.27 

800 

-58.2 

0.0025 

2.00 

900 

-61.1 

0.00175 

1.57 

1000 

-63.8 

0.00129 

1.29 

SAW  Accelerometer 

-  Inertial  Guidance 

Accelerometers  are  an  important  sens  In,,  ele¬ 
ment  in  many  guidance  systems.  Modern  signal  pro¬ 
cessing  methods  dictate  that  the  sensor  be  capable 
of  interfacing  with  digital  circuitry  such  as 
microprocessors.  The  SAW  sensor  output  frequency 
is  inherently  a  digital  bit  stream.  The  dual 
crystal  SAW  sensor  provides  a  low  frequency  output 
with  good  bias  stability.  Digital  interfacing  In 
this  case  can  be  implemented  with  a  high  degree  of 
accuracy  using  simple  counting  circuitry.  For 
example,  a  60  kHz  SAW  sensor  output  tone  can  he 
measured  with  16  hit  precision  using  two  simple  8 
hit  counter  chips  in  series. 

A  dual  crystal  SAW  accelerometer  was  built  and 
tested  using  quartz  cantilever  beams  and  SAW  res¬ 
onators  operating  at  400  MHz.  One  end  was  rigidly 
clamped  and  the  other  free  with  a  proof  mass 
attached.  The  proof  mass  was  varied  to  achieve 
the  full  scale  output  sensitivity  of  20  ppra/g. 

Each  resonator  of  the  dual  resonator  crystal  was 
used  to  control  the  frequency  of  oscillator  cir¬ 
cuitry  with  ample  shielding  to  prevent  lock-up  of 
the  oscillators  to  a  common  frequency.  The  nut- 
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puts  won.*  then  i'll  <vd  im)  the  difference  frequency 
input  t.»  -m  UP  V)/i  counter  whose  output  was  dig¬ 
itally  processed  using  -in  HP9828  calculator. 

In  SAW  acre Leroaeter  system  applications  the 
ihLlity  to  use  signal  processing  techniques  with¬ 
out  ros.^rt  to  A-to-D  conversion  Is  unique.  For 
SAW  acre lero«ivt-*r  crystals  operating  at  400  KHz 
wltu  a  20  ppm/g  sensitivity,  the  digital  output 
quantization  is  approximately  0.004  fps/blt.  The 
acceleration  expressed  as  a  function  of  frequency 
deviation  Ls 

A  *  K  •  \F(t) 

whore  the  scale  factor  K  *  2*6  *  10~^  meter /Hz  • 
sec.  Digitally  integrating  the  difference 
frequency  yields  velocity  Information, 

V(t)  =  K  ;  AF(t )dt 

Performing,  a  second  Integration  reduces  the  data 
to  th  •  required  iispl  icement  or  inertial  lnforraa- 
r  ion , 

A(0  -K  .\F(t)dt 

Shown  in  Fig.  8  Is  the  actual  count  output  of 
)  8 AW  accelerometer  when  measured  with  a  1  sec 
gate  time.  The  difference  frequency  was  60  kHz 
which  has  been  subtracted  out  and  only  the  devia¬ 
tion  in  the  difference  frequency  (±  1  Hz)  is 
shown.  Summing  the  counts  results  in  the  velocity 
count  (±  10  Hz*see)  as  a  function  of  time  shown. 
Tats  curve  represents  the  area  under  the 
accelerat len-f requencv  curve.  Performing  another 
summation  as  a  function  of  time  results  in  the 
curve  for  displacement  (±  4000  Hz*sec2).  The 
scale  factor  was  20  ppra/g  or  769  Hz/m/sec2.  The 
Integrated  velocity  error  for  the  1000  sec  time 
period  shown  was  typically  less  than  0.013  ra/sec 
and  the  displacement  error  less  than  5.2  meters. 

As  expected  the  integrated  error  is  closely  re¬ 
lated  to  the  integration  time  and  this  is  depend¬ 
ent  upon  the  actual  mission  time  or  time  for  which 
no  other  inertial  guidance  data  is  available. 
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Fig.  8  Fr v  output  (a)  from  a  SAW  acceler- 
■'■"••v  r  and  iigl  tally  processed  velocity 
•  V»  and  displacement  (c)  data  Informa¬ 
tion.  (Time  span  »  30  min) 


Conclusions 

An  experimental  SAW  underwater  sound  sensor 
was  constructed  and  evaluated  in  terms  of  static 
and  dynamic  loading.  The  results  of  static  load¬ 
ing  indicates  Chat  mounting  of  the  crystal  is 
Important  In  order  to  achieve  maximum  sensitivity 
to  applied  loading.  A  SAW  oscillator-sensor  was 
configured  as  a  hydrophone  and  compared  in  a  water 
tank  with  a  calibrated  hydrophone.  The  SAW  sensor 
was  found  to  be  comparable  In  sensitivity  to  con¬ 
ventional  hydrophones  over  the  frequency  range  0- 
1000  Hz.  The  frequency  deviation  in  a  SAW  sensor 
is  constant  and  this  causes  an  increase  in  the 
signal-to-noise  ratio  as  the  modulation  frequency 
decreases.  As  a  hydrophone,  the  SAW  sensor  is 
well  suited  when  the  frequencies  of  interest  are 
In  the  low  audio  range. 

SAW  sensors  were  also  tested  as  accelerometers 
for  inertial  guidance.  Tests  were  performed  on 
Integrated  noise  levels  for  simulated  guidance 
miss  ion  times.  For  times  up  to  1  hour,  cumulative 
displacement  error  rates  less  than  20  meters /hour 
were  achieved.  This  data  is  to  he  compared  with 
typical  error  rates  for  moderately  accurate  accel¬ 
erometers  sf  1  nautical  mile  per  hour  or  1851 
meters  per  hour. 

These  results  are  encouraging  and  future 
studies  will  no  doubt  improve  on  the  performance 
already  demonstrated. 
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A  SURFACE  ACOUSTIC  WAVE  GAS  DETECTOR*' 
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Summary 

Experimental  results  are  presented  on  a  new 
type  of  gas  detector  employing  surface  acoustic 
waves  (SAW*s).  The  SAW  piezoelectric  gas  detector 
(SAWIY.)  consists  of  twin  SAW  delay  lines  fabricated 
on  a  single  piezoelectric  substrate  each  connected 
in  an  oscillator  configuration.  The  propagation 
path  ol  one  delay  line  oscillator  is  coated  with  a 
selectively  sorbent  film,  while  the  other  is  un¬ 
coat  od  and  u-.ed  as  a  stable  reference.  Changes  in 
phase  delay  resulting  from  mass  loading  or  stress 
of  loots  induced  by  gases  sorbed  on  the  delay  line 
containing  the  I  i  Lin  result  in  corresponding  fre¬ 
quency  shilts  relative  to  the  reference  oscillator 
that  are  proportional  to  gas  concentration.  Since 
SAW  energy  is  concentrated  near  the  film,  the  de¬ 
tector  is  found  to  be  highly  sensitive.  Further, 

Liu-  SAW PC  offers  the  means  to  detect  any  gas  given 
the  corresponding  selectively  sorbent  film. 

Fur  demonstration  purposes,  a  detector  has 
been  realized  for  measuring  sulfur  dioxide  (SO,,) 
in  air  using  a  triethanolamine  film  and  it  has 
been  shown  that  it  is  possible  to  detect  SO^  at  a 
concentration  level  of  10  parts  per  billion.  The 
sensitivity,  linearity,  reproducibility,  selectiv¬ 
ity  and  reliability  have  been  investigated  and 
have  been  found,  in  manv  cases,  to  be  superior  to 
that  found  in  other  types  of  gas  detectors.  Pri¬ 
mary  limitations  in  device  performance  such  as  film 
selectivity  and  stability  with  time  are  discussed 
.is  well  as  potential  means  for  improvement  and  di¬ 
rections  for  further  research. 

Int  roduct ion 

There  is  a  need  in  both  the  commercial  and  mil- 
itarv  markets  for  a  highly  sensitive  and  selective 
means  of  detecting  gases.  Potential  applications 
for  such  a  device  include  monitoring  of  industrial 
processes,  testing  of  pollution  emission  levels, 
and  detection  of  very  toxic  gas  \s  in  battlefield 
environments.  To  meet  the  requirements  of  such  a 
wide  range  of  applications,  the  detector  should 
not  onlv  he  highly  sensitive  and  selective,  but 
also  small,  rugged  and  inexpensive. 

Some  ol  the  more  common  approaci.es  whUh  have 
been  taken  to  realize  such  detectio..  include  the 
monitoring  «  i  (1)  the  V-l  character  1st i cs  of  solid 
■itate  devices,*  (2)  the  electrical  conductance  of 
thin  films,^  (3)  the  ionic  conductivity  ol  elect ro- 
ciier.it  al  gas  sensors  J  (4)  the  frequency  of  oscill- 

*This  work  was  supported  in  part  by  NSF  (.rant  No. 

Si-'  I  -80.!f>4  I  S. 

•  Patent  application  has  been  prepared  and  tiled  in 
the  I’.S.  Patent  .md  Trademark  Office. 


>4 


at  ion  of  piezoelectric  bulk  wave  gas  sensors,"  and 
(5)  the  frequency  of  oscillation  ofj  giezoel ec t ric 
surface  acoustic  wave  gas  sensors.  ’  The  above- 
mentioned  approaches  can  be  divided  into  two  gen¬ 
eral  categories.  Under  one  category  are  included 
those  approaches  in  which  the  electrical  properties 
of  devices  are  monitored  to  detect  the  presence  of 
a  gas.  The  other  category  includes  the  bulk  wave 
and  surface  acoustic  wave  gas  sensors  which  signal 
the  presence  of  gases  by  changes  in  their  frequency 
of  oscillation.  It  is  this  latter  approach  that  is 
of  concern  in  this  work. 

The  use  of  a  piezoelectric  bulk  wave  oscilla¬ 
tor  as  a  gas  sensor  was  first  introduced  by  King.*1 
The  bulk  wave  piezoelectric  gas  detector  (BWPG)  is 
a  simple  piezoelec  trie  device  consisting  of  a  bulk 
wave  resonator  coated  with  a  selectively  sorbent 
film.  Detection  occurs  when  mass  loading,  due  to 
the  selective  sorption  of  a  particular  gas,  pro¬ 
duces  a  shift  in  the  resonant  fiequencv  of  the  de¬ 
vice.  The  BWPC  detector  can  be  used  to  detect 
many  gases  providing  that  a  corresponding  selec¬ 
tively  sorbent  film  can  be  found.  The  BWPC  detec¬ 
tor  has  been  used  to  detect  microconcent rat  ions  of 
gases  such  as  hydrogen  sulfide,  ammonia,  hydrogen 
chloride  and  sulfur  dioxide.^  When  coated  with 
the  same  partitioning  liquids  used  in  gas  chroma¬ 
tography  columns,  the  BWPGD  can  also  be  used  as 
the  detector  in  a  gas  chromatograph . 5  in  this  ap¬ 
plication,  the  coating  used  is  not  necessarily 
selectively  sorbent,  since  selectivity  is  provided 
by  separation  of  gases  in  the  chromatograph  column. 

Wohltjen  and  Dessy^  extended  the  principle  of 
the  bulk  wave  chromatograph  detector  to  surface 
acoustic  wave  (SAW)  devices.  They  coated  the  de¬ 
lay  path  of  a  single  SAW  oscillator  with  partition¬ 
ing  films  and  attached  the  oscillator  to  the  outlet 
of  a  gas  chromatograph  column.  As  Siparatod  gases 
passed  through  the  outlet  of  the  column,  thev  were 
sorbed  by  the  partitioning  film.  Detection  ot  the 
separated  gases  occurred  when  their  sorption  by  the 
partitioning  film  changed  the  SAW  properties  ol  the 
delay  line  path  and,  as  a  result,  raua-d  a  shift  in 
the  oscillation  frequency. 

Recently,  a  surface  acoustic  wave  piezoelec¬ 
tric  gas  detector  (SAWPG)  was  introduced.  The 
detector  utilizes  two  SAW  delay  lines  fabricated  on 
the  same  substrate,  each  configured  as  an  oscilla¬ 
tor,  to  detect  toxic  and  non- toxic  gases.  One  de- 
lav  line  is  coated  with  a  film  which  selectively 
sorbs  a  particular  gas  while  the  other  is  uncoated 
and  acts  as  a  reference.  Gas  sorbed  by  the  film 
alters  the  SAW  characteristics  which  in  turn 
causes  the  oscillating  frequency  to  change.  The 
relative  change  in  the  frequency  of  the  two  os¬ 
cillators  is  monitored  to  measure  the  concent  rat icn 
of  the  gas. 
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The  device  geometry  is  shown  in  Figure  1.  The 
relative  shift  in  frequency  between  the  two  oscill¬ 
ators  is  obtained  by  mixing  to  obtain  the  differ¬ 
ence  frequency,  passing  the  resulting  signal 
through  a  low  pass  filter  and  a  frequency  to  vol¬ 
tage  converter. 

Fundamental  Limitations  on 
Device  Resolution 


In  many  gas  sensor  applications,  it  may  be  de¬ 
sirable  to  detect  as  small  a  gas  concentration  as 
possible*  The  smallest  detectable  concentration 
which  can  be  measured  is  a  function  of  two  impor¬ 
tant  parameters:  (I)  the  detector's  frequency  sta¬ 
bility  over  time  and  (2)  the  sensitivity,  that  is 
the  change  in  frequency,  Af ,  with  change  in  gas  con¬ 
centration,  Ac.  The  influence  of  these  two  factors 
is  demonstrated  in  Figure  2  for  two  devices  exhibit¬ 
ing  the  same  random  frequency  fluctuation  levels, 

A e  over  some  time  period  but  with  two  differ¬ 

ent  sensitivities. 

It  is  apparent  that  those  parameters  which  in¬ 
crease  sensitivity  without  a  corresponding  increase 
in  frequency  fluctuations  improve  device  resolution. 
For  any  given  sensor,  the  magnitude  of  the  fre¬ 
quency  f luetuat ions,  Af  .  depends  on  the  time 
frame  over  which  gas  measurements  are  made.  Typic¬ 
ally  SAW  oscillator  frequence  stability  is  governed 
by  either  1/ i  flicker  phase  noise,  thermal  drift,  or 
aging  depending  on  whether  frequency  measurement 
time  intervals  are  short  term  (  seconds),  medium 
term  ( minutes  or  hours),  or  long  term  ( v.  weeks, 
years).  Thus  gas  sensor  resolution  must  be  defined 
within  the  context  of  the  measurement  time  involved. 
While  typical  frequency  stability  over  these  three 
time  scales  is  well  documented  for  single  SAW  de- 
lav  line  oscillators  placed  in  a  sealed  package, 
little  is  known  about  their  behavior  when  exposed  U> 
tin'  environment.  Further,  the  influence  of  both 
the  dual  delay  line  coni' igurat  ion  as  well  as  the 
sorptive  film  on  stability  has  apparently  not  been 
st  ud i ed. 

I >e t yc t o r  Fregi iency  Stab  i_l  itv 

io  investigate  the  baseline  frequency  stability 
•  i:b  time,  a  dual  dclav  line  wa  •  fabricated  on 
V  —  V,  cut  lithium  niobnte  M.iNbUj).  This  material 
was  chosen  primarily  due  to  its  high  coupling  co¬ 
efficient.  This  allowed  low  insert  it'll  loss  1 1)1  s 
having  few  finger  pairs  to  be  fabricated,  thus  max¬ 
imizing  tile  propagation  path  length  on  the  suh- 
rat e  for  film  coating.  An  undesirable  property 
l.iN’hO^  SAW  oscillators  is  high  temperature  insta- 
hililv.  However,  the  frequency  o!  the  touted  deluv 
I  in.  oscillator  is  nu.as.urid  relative  to  that  ot  the 
uncoated  delay  line  on  tin*  same  .ubstratc;  hence, 
tin*  effect  of  till*'  temperature  irisr.il  lit  v  is  min¬ 
imized.  Further,  tin*  relative!',  lur/t  1(d)  of 
Li.NbO  l.icflifat'd  invest  ig.it  ion  <*t  the  extent  to 
which  -iu*  It  temperature  eotwpcns  it  ion  was  *-lte>  live. 

The  delav  lines  labric.itetl  on  the  l.iN’-'j  sub¬ 
strate  had  a  M)  MHz  center  f requenw  with  10  finger 
pairs  per  Nil  and  a  beam  width  of  l.-'dimm.  Ihe  dis¬ 
tance  between  1 1 1T  pairs  was  d.bdem.  t  onfigured  as 
osi- i  1 1  .i  tors  ,  tiie  t  reijnetii  i«*:,  of  os.  illation  of  the 


two  devices  differed  by  90  KHz.  The  delay  line 
having  the  highest  frequency  of  oscillation  was 
used  as  the  delay  line  to  be  coated. 

In  order  to  demonstrate  the  SAWPC  detector, 
the  delay  line  was  coated  with  triethanolamine 
(TEA)  which  is  an  organic  liquid  selectively  sor¬ 
bent  to  SO^.  SO^  was  chosen  as  a  candidate  gas 
since  it  is  a  very  common  gas  effluent  in  indus¬ 
trial  stacks  and  in  the  exhaust  of  automobiles.  It 
is  also  often  used  as  an  index  for  air  pollution. 
The  use  of  SO^  as  a  candidate  gas  also  offers  the 
opportunity  to  compare  the  SAWPC*  sensor  to  the 
BWPG  detector  since  the  latter  has  previously  been 
used  to  measure  SO,,  in  conjunction  with  TEA. 

The  TEA  films  were  applied  using  a  small  brush 
with  a  2%  solution  of  TEA  in  chloroform.  Upon 
application,  the  chloroform  would  evaporate  quickly, 
leaving  a  thir.  film  of  TEA  on  the  surface  of  the 
deiay  line  path.  The  TEA  films  not  only  produced 
downward  shifts  in  the  frequency  of  oscillation  of 
the  coated  delay  line,  but  also  attenuated  the  SAW 
s ignal . 

To  accurately  characterize  films  in  terms  of 
film  uniformity  and  thickness  is  difficult,  espe¬ 
cially  since  the  films  form  island  structures  when 
applied  to  the  substrate  surface.  In  order  :o  ob¬ 
tain  a  rough  measure  of  the  film  uniformity  and 
thickness,  the  SAW  device  was  used  as  a  monitoring 
mechanism.  It  was  found  that  films  producing  an 
initial  downward  shift  in  the  difference  frequence 
of  about  bO  KHz  and  an  increase  in  SAW  attenuation 
of  approximately  8dB  upon  application  were  the  most 
reproducible.  Hence,  in  this  work,  only  TEA  tilms 
producing  the  aforementioned  difference  frequence 
and  SAW’  a 1 1  en nation  were  us cd . 

Baseline  frequency  stability  for  gas  detection 
was  taken  under  ambient  conditions  over  a  period  of 
Id  hours,  measured  from  the  time  of  appl  icat  ion  o: 
the  TEA  film,  and  is  compared  with  the  n-sponsi  ot 
the  same  sensor  in  absence  of  the  film.  The  re¬ 
sults  .are  shown  in  Figure  1.  It  is  observed  that 
the  TF..\  film  stabilizes  in  a  roughlv  exponential 
fashion  over  this  period.  This  s t  ah  i  I  i  za  t  i on  is 
1  i  k  v  1  \  dm-  to  the  evaporation  ot  tin  vnl.-tii.  sol¬ 
vent  ich 1  ore  form )  with  which  the  film  was  mixed. 
Figures  •  and  ’  -h»w  u  comparison  of  the  st.ihilitv 
between  .  o  n  «  .i  >•  d  uncoated  devices  dur  ini:  o-n  ivur 
and  five  mi  nut*  intervals,  reasurui  Id  hours  alter 
the  f.lm  had:  neon  placed  or:  tin  delav  line.  ihcVe 
appe.i’s  to  be  no  statistically  s{gnific.mt  d  i  :  :  i r- 
eiiv  in  n  -pons.-  !h  t  wi  a  n  ,  oalevI  in.,  uncoat  i  d  d 
st  rates.  Ihc  observed  small  t  hu  t'ut  iens  ot  r, 
order  of  a  pan  per  nil  .ion  in  t'usc  ficur.es  did 
not  appear  '  o  h.  due  t  i>  thermal  t  a.  t  or*- .  i  h  i  -  w.h 
.!*  t  err  i  v  placing  in.  eocoatid  sens.  s  ••  r: 

vi  rum,.  'U.il  to-;*  .  n.C'b-ei  *-i  ai-  i  1  i  cod  to  T  . 

Measured  '  :  . ■'  uenev  st  ai>  i  l  i  t  '  i*-  -dp own  in  •:>  1 

whicn  show-,  no  sicnificant  i  niprov  em.  n  t  .  \  ‘ml  .  ■ 

measure  o!  i  n  sen  s  i  t  i  v  i  t  v  to  t  .  '-p.r.it  ur.  wa-  o'U  . 
ed  b  v  rw  1  uv  the  vmveat  rd  sensor  s1ovl\  *Vei  a 
nominal  .  range.  The  substrate  t  empt  ra  t  ur«  v.ti 
tat  ion  as  will  as  sensor  diffevem.  '  re'pa.  n.  .  i- 
shown  in  Figure  .  It  is  apparent  t  at  t  he  s,  n*..o 
was  extremolv  sensitive  t  < »  thermal  .rad  ictus  tesult- 
inc.  from  dvnami*  eve  line,  but  hid  .  v.  •  I  lent  t  c**v.  t  • 
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■it me  cancellation  properties  under  static  condi¬ 
tions.  Once  thermal  equilibrium  was  achieved,  over¬ 
all  device  TCI)  was  less  than  0.1  ppm/°C,  approxi¬ 
mately  a  1,000-fold  improvement  over  single  delay 
line  performance.  Two  possible  causes  of  the  ob¬ 
served  fluctuations  are  mechanical  vibration  or 
air  currents.  The  first  alterative  is  reasonably 
likely  due  to  the  fact  that  the  SAW  RF  amplifiers 
wen? connected  to  the  SAW  sensor  probe  by  faiilylong 
cables.  It  is  further  considered  unlikely  that  the 
fluctuations  are  due  to  flicker  noise  because  the 
observed  fluctuations  are  several  orders  In  magni¬ 
tude  larger  than  those  generally  reported.  How¬ 
ever  it  should  be  noted  that  flicker  noise  data 
in  the  literature  is  generally  available  for  quartz 
rather  than  LiNbO.  so  that  a  definitive  comparison 
cannot  be  made.  It  can  be  concluded  based  upon 
these  stability  measurements  that  after  the  TEA 
!  i  lm  has  stabilized,  random  frequency  fluctuations, 

i  .  ,  of  from  several  ppm  to  several  tenths  of  a 
nun  .  _  . 

,  [un  can  be  expected  over  measurement  times  in  the 

«  conil  to  hour  range. 

Kept* a t a b  i  1  i  t_y 

Repeatability  ol  the  SAWPGD  was  obtained  by 
.casurement  of  frequency  changes  due  to  repeated  ex¬ 
posure  to  the  same  SO.,  concentration  in  air*  The 
coated  sensor,  was  placed  on  the  144  ml  air-filled 
.  «‘st  chamber  shown  in  Figure  8. 

SO,,  was  injected  in  1  ml  samples  into  the  test 
cell  through  a  rubber  septum.  The  pressure  relief 
bellows  shown  were  used  to  insure  that  no  pressure 
changes  were  induced  .is  a  result  of  the  gas  injec¬ 
tion.  The  dilutions  of  S07  in  air  were  attained 
using  the  syringe  dilut ion'method  described  by 
Karmarkar  and  Guilbault.^  Figure  9  shows  the  typ¬ 
ical  frequency  shifts  with  time  resulting  from  de¬ 
vice  exposure  to  7  ppm  of  S00  in  air.  In  each  of 
these  curves  the  beginning  of  the  detector  response 
was  usually  10  to  15  seconds  after  the  infusion  of 
the  S09  gas  into  the  test  cell.  The  drift  in  the 
difference  frequency  was  accounted  for  in  Figure  9 
by  extrapolating  the  drift  rate  observed  in  the 
minute  before  the  injection  of  SO^  into  the  test 
cell  and  subtracting  it  from  the  measured  SAWPG  de¬ 
tector  response.  The  changes  shown  in  the  differ¬ 
ence  frequency  correspond  to  decreases  in  the  fre¬ 
quency  of  oscillation  of  the  coated  delay  line. 

These  responses  appear  to  be  exponentially  asympto¬ 
tic.  The  observed  time  constant  may  be  a  function  of 
boLh  the  TEA  film  sorption  properties  as  well  as 
the  gas  diffusion  mechanism  inside  the  test  chamber. 

After  each  of  the  indicated  five  tests  the  SAW 
dev i,e  was  removed  from  the  test  cell  and  exposed 
t.*  the  lahoratorv  air  for  JO  minutes  to  allow  the 
'.V\  rilm  to  desorb  the  SO,. 

in  ord*  r  to  quantify  the  detector  repeatabili¬ 
ty  v « ■ !  i  i provide  a  measure  of  device  response 
l ■ 1  .i!a  i.i'.vn  concent  rat  ion,  the  change  in  the  dif- 
•  •  r.  -  «•  Mvquencv  utter  a  throe  minute  interval  was 
•n  •  r.  *  '  represent  the  response*  AF,  of  the  SAWPG 
■  ■•t.-itoi.  Sufii  a  r  ho  i  ce  was  required  because,  par- 
ti.-.iirlv  r.*r  low  gar.  concent  rat  ion  levels,  it  was 
ir:,>"  ~  i  u  1  r  to  estimate  the  asymptotic  value  of  the 
■ft  ji.e-irv  ;ii  i  1 1.  because  of  device  frequency  drift. 


Using  such  a  criterion,  the  average  three  minute 
response,xAF>,of  the  curves  illustrated  in  Figure  9 
is  1.220  KHz  with  standard  deviation  of  8%  . 

The  previously  described  experiment  was  then 
repeated  for  two  other  TEA  films.  The  observed  val¬ 
ues  of  <-AF>  for  these  two  films  were  1.200  KHz  and 
1.150  KHz.  This  results  In  an  average  frequency 
shift  of  1.190  KHz  for  the  three  different  films 
with  a  standard  deviation  of  2%. 

Sensitivity,  Linearity  and  Range 

The  measuitd  response  of  the  SAWPG  detector  at 
room  temperature  to  differing  gas  concentrations 
ranging  between  70  ppb  and  7  ppm  is  shown  in  Figure 
10  along  with  a  comparison  of  a  bulk  wave  sensor  re¬ 
sponse  reported  by  Karmarkar  and  Guilbault  for  the 
same  film  and  pollutant.  The  SAWPG  detector  was 
found  to  be  linear  down  to  about  1  ppm.  The  ap¬ 
parent  decrease  in  sensitivity  below  1  ppm  is  like¬ 
ly  to  be  due  to  the  longer  time  required  for  film 
saturation  at  lower  concentrations.  If  it  is  as¬ 
sumed  that  the  saturation  value  of  SC^  sorbed  by 
the  film  Is  proportional  to  the  gas  concentration, 
then  for  high  concentration  values  the  film  is  sat¬ 
urated  by  the  end  of  the  three  minute  measurement 
interval  and  therefore  faithfully  reflects  the  true 
gas  concentration;  for  lower  concent  rat  ion  levels, 
saturation  does  not  occur  over  this  time  period 
yielding  a  smaller  effective  value  for  gas  concen¬ 
tration. 

It  was  found  that  the  lowest  concentration  of 
SO^  producing  a  repeatable  and  definite  response 
was  70  ppb.  Detector  response*'-  to  concentrations 
below  70  ppb  were  not  repeatable  and  approached  the 
same  order  of  magnitude  as  changes  in  the  drift  of 
the  difference  frequency  due  to  film  instability. 
Hence,  the  resolution  of  the  SAWPG  detector  using 
this  exposure  method  is  determined  by  the  stability 
of  the  sorbent  film  used.^  The  upper  limit  on  con¬ 
centration  was  determined  by  an  increase  in  TEA  film 
attenuation  causing  the  coated  delay  line  to  cease 
oscillation.  This  upper  limit  can  easily  be  varied 
by  either  changing  film  path  length  or  amplifier 
gain. 

Comparison  to  Bulk  Wave  Gas  Sensors 

While  it  is  apparent  from  Figure  10  that  the 
sensitivity  of  the  SAWPG  detector  is  superior  to 
that  reported  on  a  BWPG  sensor, ^  the  latter  has 
been  reported  to  have  a  resolution  of  better  than 
10  ppb  for  SO 2  when  used  in  a  flow  system  arrange¬ 
ment.  To  facilitate  a  meaningful  comparison,  tests 
of  the  SAWPG  detector  and  a  BWPG  sensor  were  per¬ 
formed  using  an  air  gas  flow  arrangement  similar  to 
that  reported  in  [8] .  The  arrangement  is  shown  in 
Figure  11.  Air  is  continually  pumped  through  tub¬ 
ing  leading  to  the  test  chamber  at  a  rate  of  be¬ 
tween  25  and  50  ml  per  minute  and  passes  into  a 
40  ml  glass  test  cell  containing  either  the  SAWPG 
or  BWPG  detector.  When  a  small  SO,,  sample  is  in¬ 
jected  into  the  tubing  it  is  carried  by  the  stream 
onto  the  detector  surface  and  is  subsequently  ex¬ 
hausted  out  of  the  test  cell  into  the  atmosphere. 
This  system  therefore  provides  a  short  "pulse"  of 
SO2  to  the  sensor.  The  two  detectors  used  in  the 
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measurements  are  shown  mounted  in  their  identical 
test  cells  in  Figure  12.  The  bulk  wave  sensor  con¬ 
sists  of  two  11  MHz  AT-cut  quarts  bulk  wave  crystals 
one  of  which  has  been  coated  on  both  sides  with  the 
TEA  film.  The  other  uncoated  crystal  acts  as  a 
reference.  Each  crystal  is  connected  in  an  oscill¬ 
ator  configuration  and  mixed  to  obtain  a  difference 
frequency  in  the  same  fashion  as  with  the  SAWPG  sen¬ 
sor.  Frequency  stability  under  ambient  conditions 
for  the  BWPG  detector  measured  over  12  hours  with 
and  without  a  TEA  film  was  observed  to  be  very 
similar  in  nature  to  that  of  the  SAWPG  shown  in 
Figure  3.  The  two  devices  show  similar  aging  char¬ 
acteristics  for  the  film  in  both  rate  and  in  mag¬ 
nitude  of  change  of  Af/f  with  time. 

The  response  of  the  SAWPG  detector  in  the  flow 
system  was  measured  for  a  number  of  different  SO. 
concentrations  injected  into  the  line.  The  exact 
concentration  Incident  upon  the  SAW  surface  is  not 
known  due  to  possible  diffusion  during  travel  along 
the  cubing.  Thus  the  injected  gas  levels  represent 
an  upper  concentration  limit.  Figure  13  shows  Che 
response  to  a  5  ml  Injection  of  100  ppb  of  SOj 
(upper  curve)  a  5  ml  injection  of  air  (lower  curve). 
The  sample  was  injected  at  the  three  minute  mark  on 
the  figure.  The  small  precursor  prior  to  the  re¬ 
sponse  to  SO^  followed  immediately  after  injection 
and  is  believed  to  result  from  pressure  fluctuatiom 
due  to  the  injection.  The  time  constant  of  the  re¬ 
sponse  fluctuations  was  comparable  to  the  travel 
time  required  for  the  injected  SOj  to  reach  the  de¬ 
tector.  Using  this  technique  responses  to  gas  con¬ 
centrations  as  low  as  10  ppb  were  obtained.  The 
lower  limit  was  determined  not  by  frequency  drift 
but  by  the  inability  to  time  resolve  responses  due 
to  SO,  from  pressure  induced  frequency  fluctuations 
resulting  from  the  injeciin. 

Figure  14  shows  a  typical  response  from  the 
BWPG  sensor  to  both  air  and  a  concentration  of  10 
ppm  of  SO,  Injected  at  the  one  minute  mark.  The 
fractional  frequency  change  resulting  from  the  SO, 
is  observed  to  be  less  than  that  for  the  SAWPG  de¬ 
tector  even  though  the  SO,  gas  concentration  is  two 
orders  of  magnitude  higher.  The  minimum  resolvable 
SO,  concentration  which  could  be  detected  with  the 
bulk  wave  sensor  using  the  flow  system  was  about  1 
ppm,  limited  again  by  the  inability  to  distinguish 
between  Injection  of  SO,  and  pressure  fluctuations. 

Selectivity 

An  ideal  SO,  gas  detector  should  respond  to 
SO,  only.  However,  TEA  has  been  found  to  sorb 
gases  other  than  SO,,  though  not  to  the  same  extent. 
The  selectivity  of  the  TEA  coated  BWPG  detector 
with  respect  to  pollutants  has  been  investigated, 
and  the  one  gas  other  than  SO.,  found  to  produce  an 
appreciable  response  is  NO,.  7, 8  Similar  results 
were  observed  with  the  SAWPG  detector.  This  is  to 
be  expected,  since  the  selectivity  is  a  property  of 
the  TEA  film.  It  should  be  added  that  the  sorption 
of  NO,  by  TEA  is  an  irreversible  process  decreasing 
the  sensitivity  of  a  TEA  film.  However,  Cheney  and 
Homolya^  have  reported  that  once  a  TEA  film  is 
treated  with  a  sufficiently  high  concentration  of 
NO,  so  that  it  becomes  insensitive  to  further  NO,, 

It  still  remains  sensitive  to  SO2.  In  a  situation 


where  selectivity  is  a  problem,  use  of  a  separate 
detector  for  the  interfering  gas  would  offer  a  po¬ 
tential  solution  to  this  problem. 

Discussion  and  Conclusions 

The  SAWPG  detector  has  been  demonstrated  to  be 
extremely  sensitive,  capable  of  resolving  gas  con¬ 
centrations  of  SO,  as  low  as  10  ppb.  The  minimum 
detectable  SO,  level  has  been  shown  to  be  a  func¬ 
tion  of  the  time  period  over  which  the  gas  measure¬ 
ment  is  made,  being  limited  by  the  magnitude  of  the 
frequency  fluctuations  tithin  this  time  interval  re¬ 
sulting  from  film  drift  and  small  environmental 
perturbations  such  as  mechanical  vibration  and  air 
currents.  Use  of  a  flow  system  to  inject  transient 
"pulses"  of  SO,  has  provided  a  mechanism  for  short¬ 
ening  the  required  measuring  time  resulting  in  Im¬ 
proved  resolution.  For  the  SAWPG  device  tested, 
sensitivity  and  resolution  are  two  orders  of  magni¬ 
tude  higher  than  a  comparable  bulk  wave  sensor. 
Improvements  in  the  gas  feed  technique  to  eliminate 
pressure  fluctuations  upon  injection  which  perturb 
the  sensor  may  allow  improvement  in  resolution  to 
closer  to  the  theoretical  flicker  noise  limit. 

Limitations  on  device  performance  are  present¬ 
ly  primarily  a  function  of  the  film  being  used.  It 
is  anticipated  that  appropriate  solid  films  will 
provide  higher  stability,  longevity,  and  improved 
aging  characteristics  making  the  SAWPG  gas  detector 
a  viable  means  for  sensitive  gas  measurements.  Fur¬ 
ther,  if  SAW  delay  line  and  RF  electronics  are  in¬ 
tegrated  onto  a  single  chip,  the  potential  exists 
for  small,  rugged,  low  power  and  inexpensive  gas 
sensor  for  laboratory  and  field  applications. 
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Figure  2.  Comparison  of  minimum  detectable  gas 
Figure  1.  SAW  piezoelectric  gas  (SAWPG)  detector  concentration  for  two  sensors  having 

system.  the  same  frequency  stability , A f  ^  , 

but  with  different  sensitivities. 
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Figure  ^ .  Gomparison  of  frequency  stability  for 
SAWPG  sensor  under  ambient  conditions 
for  first  12  hr».  after  application  of 
TEA  film,  and  in  absence  of  TF.A  film. 
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Figure  4.  Frequency  stability  for  SAWPG  sensor 
over  1  hr.  period  (a)  12  hrs.  after 
application  of  film  (b)  uncoated. 
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Figure  8.  Test  chamber  for  static  gas  measurements. 
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Figure  9.  Repeatability  of  SAWPG  sensor  frequency 
shift  with  time  for  5  separate  trials 
with  7  ppm  of  SO^. 
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Figure  11.  Apparatus  for  gas  flow  injection  test 
system. 
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Figure  10.  Linearity  of  SAWPG  sensor  response  for 
various  SO^  gas  concentrations  and 
comparison  with  reported  results  for 
bulk  wave  gas  sensor  . 


Figure  IJ.  40  ml.  test  cell  containing  (a)  SAWPG 
and  (b)  BWPG  sensor. 
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Figure  13.  SAWPG  sensor  response  to  100  ppb  of 
S02  using  gas  flow  system. 


Figure  14.  BWPG  sensor  response  to  10  ppm  of  SO 
using  gas  flow  system. 
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■Summary 

Two  different  SAW-sensors  are  presented  :  a 
pressurf-serisor  for  weak  pressure  and  a  $AW- 
t <*mperature  sensor. 

The  pressure  sensor  i s  built  with  a  thin 
diaphragm  of  quartz-crystal  on  which  two  surface 
elastic  waves  are  propagating  in  the  same  direc¬ 
tion  but  at  two  different  lateral  positions.  Pres¬ 
sor.  variations  applied  on  the  lower  surface  indu¬ 
ce  a  string  bending  whi'-h  modifies  both  wave  velo¬ 
cities.  A  differential  detection  enables  to  measu¬ 
re  wav-'  velocity  variations  (or  corresponding  os- 
:1  later  frequency  shifts)  and  also  enables  to 
**  1  : "  in  it<-  m  a  large  scale  spurious  velocity  (or 
I  r»-qu«*!icy  »  variations  due  to  temperature  fluctua¬ 
tions.  Calculations  ct  strain  distribution  and 
then  of  corresponding  frequency  shifts  give  both 
positions  of  SAW  delay  linos  on  the  thin  dia¬ 
phragm  to  have  a  maximal  pressure  sensitivity  and 
to  minimize  temperature  effects  at  the  same  time. 
Theoretical  results  of  Y-cut  are  compared  with 
measurements  performed  at  I0C>  MHz. 

/V 

temperature  sensors  built  with  quartz  pla- 
t  having  I. ST  and  JiM.  crystal lugraphical  orienta¬ 
tions  have  been  tested  in  sensitivity  (28  ppm/lO, 

!  i  n**:ir  i  tv ,  response  time  (O.j  s)  and  resolution 
i  ,,K>.  Temperature  measurements  obtained  with 
■AW  temperature  censor  are  compared  with  that  one 
measured  wiM.  a  ;*  AW  temperature  sensor  ll.f-outi. 

A  new  type  of  quart/  thermomet-r  using  TAW  tempe¬ 
rature  probe;,  is  pr*opf ■••e.j . 


the  wave  are  coupled  by  the  nonlinear  properties 
of  the  crystal  which  in  the  problem  here  conside¬ 
red  arc  the  third  order  elastic  terms.  The  static 
deformation  is  calculated  by  using  Mindlin's  poly¬ 
nomial  expansion  and  the  corresponding  velocity 
and/or  frequency  shifts^are  obtained  by  means  of 
«i  perturbation  method  ’  .  Following  this  method, 
the  study  of  a  pressure  sensor  is  presented  in 
this  paper. 

A  new  type  of  piezoelec tr ic  temperature  sen¬ 
sor,  presented  here,  uses  thermal  properties  of 
SAW  propagating  on  quartz  crystal  substrat. From 
values  obtained  theoretically  a  temperature  pr  be 
was  built  and  tested^to  determinate  its  sensitivi¬ 
ty  and  its  linearity  .  Different  methods  of  res¬ 
ponse  time  measurements  are  performed  and  compa¬ 
red  with  values  measured  with  B.W.  temperature 
probe.  Summarized  results  are  given  here  with  per¬ 
formances  of  a  new  SAW  quartz  thermometer. 


Frequency  shifts 
due  to  mechanical  perturbations 


The  elastic  equations  of  a  finite  amplitude 
wave  propagating  on  a  medium  of  specific  mass  o  , 
submitted  to  a  mechanical  bias  can  be  written 
with  respect  to  the  natural  state  a. 


o  u  =  (  A  u  . 
o  i  lkjm  J, 


)  ,k 


Boundary  conditions  corresponding  to  a 
stress  free  surface  are  : 


I  ;it >dnet  i  on 


i  kin 


0  for-  --  0 


?h**  churnr  t  er  l  t  ;  •  a.  ■!'  surface  acoustic  wa¬ 
ves  are  nodi  fie  i  bv  rtx » »-*rtia  1  effects  as  temperntu- 
"»■  and  r*echariii  li  per ♦  -jrb-t t  ionu:  i  f-.rres,  prer.su- 
•'s,  ...i.  T  t.  has  be*-:,  shown  that  sensitivity  is 

due  to  |he  nonlinear  elar.ti.  pr'p'-rtjo-;  .q  the 
crystal  ,  Those  phenomena  ir>'  i  leant ageou:;  1  y  used 
for  -ovisor  appl  oat  >.  ai  •  .  !  th«»  .AW  made  selec¬ 
tively  serin  '  t  i  v»*  tc  i  j  i  -n  phv-:i-al  quantity. 

N’-'a  . 1  >  Tit;  a?'.-  Iran  p  v.*-d  inf.'  f re  j  i«-n«  v  'r,'asu- 

r-enen*  ill  I  h  1  k’h  t’f'S1'  1  ■ :  t  I  ■  V  l '  IT*-  obtained. 

n  i*  r  pr#-  c-.ure  v  iri-it  inn  . ,  strr- and 
*  r  i  .  n  ?  j  -  ’  t : ;  are  :  r;du-  «’d  ,  wh  i  h  are  fun--  ♦  l  ■  -M  of 
*  b<  c.  ;  !  ,-i  eirt  »  !  :  .  The  ,t,»M.  tons  and 


A  -coefficients  represent  the  nonlinear  cou¬ 
pling  between  the  static  deformation  and  the  high 
frequency  wave.  Consequently  they  are  related  to 
th.-  static  components  (stresses,  strains,  displa¬ 
cements'  and  they  can  be  presented  as  modified 
elastic  constants  following  : 


A  =  C  *  H  «  -  ' 

i  k.i  m  i  kjm  i  kj  m 

where  the  nonlinear  coupling  terms  H.,  .  are  func 
.  .  lkjm 

1  mu  oi  space  variables  a.. 
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Calculations  of  hT  ^ •  -terms  have  to  take 
into  account  the  function*!?  dependance  along  the 
plate  thickness  by  using  a  polynomial  expansion 

.  r  ( n )  n  i  a  \ 

H..  .  =  )  a..  .  a_  (4) 

lkjm  L  lkjm  2 


These  coefficients  are  considered  as  small 
terms  with  respect  to  the  second  elastic  cons¬ 
tants  C..  .  .  Thus,  a  perturbation  method  is  direc¬ 
tly  applied  and  leads  to  the  relative  frequency 
shifts 


t  i»  I  ,  (  u  »  liil  C  ii  )  ,  —  I  11  i 

“u"  ’  \  *’ II •  II  II,  n  •  a  L 
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This  equation  is  general  and  can  be  used 
whatever  the  perturbation  is.  For  each  particular 
problem  the  static  stress  and  strain  distribution 
will  be  calculated. 

Following  Mindlin^,  if  thin  plates  of  thick¬ 
ness  2h  are  considered,  the  mechanical  displace¬ 
ments  U.  are  written 

—  rj(  n )  n  t  c.  \ 

Ui  =  U.  a2  (6) 

n 

The  corresponding  strains  and  stresses  are 

developped  the  same  way 

s(n)=  %  [u(n)  ♦  u(n)  ♦  <n  ♦  n 

1J  l.J  J.l 

,  ,  (?) 

(«,.  U("+1)  ♦  6,.  U(n+1))] 

2j  l  J 

where  5^  is  the  Kronecker  symbol. 

Then  strain-stress  relations  become 


7(n)  .  c 


.  .  ;  k  s, 

ijkt  mn  k 


where  K  is  a  constant, equal  to  zero  if  mtn  is 
,,  .mn  m+n+17  r 

odd  and  equal  to  2h  —  - 


if  m+n  is  even. 


S.A.W.  pressure  sensor 


The  sensitivity  of  SAW  delay  line  to  hydro¬ 
static  pressure  is  generally  small,  about 
3  Hz/kPa  at  105  MHz. 

The  sensitivity  c^nQ&§  increased  by  using  a 
thin  circular  diaphragm  *  ’  .  Those  is  built  with 
a  thin  anisotropic  plate  clamped  at  its  edges  and 
submitted  to  a  pressure  on  its  lower  surface 
(fig.  1). 


Amplifier 


Hydrostatic 

pressure 


Thin  circular  diaphragm  used  as  pressure  sensor 


For  describing  such  an  anisotropic  dia¬ 
phragm  stiffly  clamped  all  around  a  three-dimen¬ 
sional  model  is  necessary.  In  account  of  the  dif¬ 
ficulty  to  solve  it  directly,  the  problem  was 
split  into  two  parts  : 

-  a  cross  section  in  the  a  plane,  normal 
to  the  main  surfaces  of  the  diaphragm,  is  first 
considered,  with  the  boundary  conditions  T  =  0 
at  a  =  0,  T  -  P  at  a  =  -2h  and  the  edge  condi¬ 
tions  *  Uj  =  U  =  D  at  =  0  and  -  R. 

The  stress  and  strain  distribution  are  analytical- 


lyfcalculated  in  this  bi-dimensional  model  by 
using  the  polynomial  method. 

-  then  the  solutions  are  transposed  to  any 
cross-section  normal  to  the  main  surfaces 
(fig.  2).  The  stress  and  strain  distributions  are 
calculated  at  a  point  M  whatever  its  position  is 
in  the  cross  section.  By  syperposing  at  the  point 
M  the  solutions  corresponding  to  the  all  possible 
cross  sections  (this  is  equivalent  to  performing 
an  integration  over  360°)  the  total  stresses  and 
strains  are  obtained  at  the  point  M. 


cross  section 


Fig.  2  :  Cross  sections  used  in  the  calculation 
of  stress  and  strain  distributions  at  a  point  M 
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The  perturbation  method  gives  the  correspon¬ 
ding  pressure-sensitivity  at  a  point  of  the  surfa¬ 
ce.  The  mean  (and  true)  sensitivity  is  obtained 
by  averaging  over  the  path  length  (6)  and  over 
the  beam  width  (w)  given  by  the  transducer  loca¬ 
tion  and  geometry  (fig.  3). 

Fig*  4  gives  the  pressure-sensitivity  for  a 
Y-cut  of  quartz  as  a  function  of  the  mean  posi¬ 
tion  of  the  transducers  on  the  a  axis.  The  dia¬ 
phragm  thickness  is  246  pm  and  its  diameter  is 
10  mm.  The  nominal  oscillator  frequency  is 
105  MHz. 

For  w  =  1  mm,  three  experimental  points  ha¬ 
ve  been  obtained  and  the  calculation  is  in  good 
agreement  with  them.  At  the  center  of  the  dia¬ 
phragm  (a^  =  0),  the  sensitivity  is  170  Hz/kPa 
and  is  almost  the  opposite  of  that  one  at  a^  = 

4  mm. 

Using  this  property,  dual  channel  sensor 
with  a  sensitivity  twice  as  large  has  been  built 
(360  Hz/kPa  at  105  MHz)  (photo  1). 


Photo  1 

Monolithic  thin  diaphragm  for  SAW-pressure  sensor 


The  differential  device  also  enables  to  de¬ 
crease  largely  the  temperature  influence  by  com¬ 
pensating  effect.  Also  the  l:wo  channels  pressure 
sensor  reduces  the  spurious  frequency  temperature 
shifts  within  400  Hz  over  a  temperature  range 
from  -40°C  to  80°C  (fig.  5).  This  is  correspon¬ 
ding  to  an  accuracy  better  than  1.5%  over  the  to¬ 
tal  temperature  range  and  over  the  total  pressure 
dynamic  of  100  kPa. 


Fig.  3  :  Position  of  the  transducers 


Frequency  shift  (Mz/KPa) 


Fig.  4  :  Pressure  sensor  sensitivity 
as  a  function  of  the  transducer  positions 


iM  (kHz) 


‘n  -?n  o  40  fn  no  urn 


Temperature 

Fig.  5  :  Temperature  compensation 
of  the  SAW  pressure  sensor 


S.A.W.  temperature  sensor 

Frequency  shifts  of  SAW  oscillator  follow  a 
law  of  polynomial  expansion  as  a  function  of  tem¬ 
perature  : 

i>f (T)  -  f (T  )  fa  (T-T  )  +  b  (T-T  )*  +  ...  ]  (9) 

o  o  o  o  o 

where  a  and  b  are  temperature  coefficients 
(T.C.'s?  of  the  first  and  second  order  of  the  fre¬ 
quency  at  reference  temperature  Tq  (26°C). 


Oscillation  frequencies  are  respectively 
98.6  MHz  for  LST-cut  and  95  MHz  for  JCL-cut.  Cha¬ 
racterizations  of  oscillators  are  made  in  tempo¬ 
ral  domain  and  measured  relative  stability  of  fre¬ 
quency  is  about  10  from  1  to  10  seconds.  Measu¬ 
rements  are  performed  at  25°C. 

Experimental  F-T  characteristics  are  shown 
on  fig.  6  where  frequency  shifts  are  given  in  re¬ 
lative  values  with  frequency  at  25°C  as  reference 
for  the  temperature  range  from  -30°C  to  110°C. 


A  temperature  sensor  must  have  a  large  sen¬ 
sitivity  and  a  good  linearity,  then  a  will  be  as 
large  as  possible  and  bQ  null^b^choosing  the  cut 
and  the  propagation  direction  * 

Table  I  shows  theoretical  values  of  propaga¬ 
tion  velocity,  electromechanical  coupling  factor 
and  T.C.'s  of  first  and  second  order  of  two  cuts 
with  linear  F-T  characteristic,  called  JCL-cut 
and  LST-cut. 


I  cut  I 

yr 

|  | 

I  cuts 

1  angles  | 

|  $  j  © 
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a  b 
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1  1 
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J _ 1 _ L 

35 

1 

(3360 

J _ 

0.11 

_ 

1 

33  |  -  0 .04  | 

>  1 

Table  I 

Theoretical  characteristics  of  linear 
quartz  crystal  cuts 


The  temperature  probe  is  a  SAW  delay  line 
on  quartz  crystal  substrat  (JCL  or  LST-cuts).  It 
is  10  mm  long,  5  mm  wide  and  1  mm  thick. 

Two  aluminium  interdigital  transducers  are 
metallized  on  the  quartz  plate.  One  has  100  fin¬ 
ger  pair?  and  the  other  150  finger  pairs.  Beam 
aperture  is  equal  to  75  A  and  corresponding  time 
delay  is  1.45  us  for  JCL-cut  and  1.41  us  for 
LST-cut . 

The  delay  line  is  bound  in  a  metallic  cop¬ 
per  box  with  good  thermal  contact  between  the  bot¬ 
tom  of  the  box  and  the  lower  surface  of  the  sub¬ 
strat.  Elastic  glue  is  used  because  it  introduces 
very  weak  stresses.  A  cylindrical  cover  is  bound 
on  the  top  of  the  box  within  there  is  air  or  he- 
1 ium  gaz  ( photo  2 ) . 

Insertion  losses  are  respectively  20  dB  for 
JCL-sensor  and  25  dB  for  LST-sensor  without  impe¬ 
dance  matching. 

A  rigid  coaxial  line  carries electri c  signal 
from  the  delay  line  to  the  amplifier  to  build  the 
sensitive  SAW  oscillator  . 


a f/f  lst 


Fig.  6 

Experimental  frequency-temperature  characteristics 
of  JCL  and  LST  quartz  crystal  cuts 


Photo  2 

SAW  Temperature  probe 
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Sens i t i v 1 ty  -  Li  near i ty 

.Sensitivity  of  JCL-cut  is  L  80*.'  Hz/K,  then 
b .  1  •  *  K / H z  and  sen s  i  t.  i  y  i  t.y  of  LS T-c u t  is 

S  >00  Hz/K  then  3.3.10  ^  K/Hz.  Taken  into  account 
the  temperature  range,  linearity  deviation  is  bet¬ 
tor  than  .1  K  over  the  total  rang**. 

Kesolut ion 

The  limit  resolution  of  the  probe  is  obtai- 
TH'vi  by  considering  sensitivity  and  frequency  sta¬ 
bility  of  the  oscillator*.  When  temppra  +  ures  are 
measured  over  l  second,  the  linit.  resolution  of 
SAW  temperature  probe  is  better'  than  1-X>  jK. 

( bO  aK  for  dCI.-cut  and  34  uK  for  I.ST-cut  > . 

T  i  me  c on s t  an  t  s 


When  the  probe  is  submitted  to  temperature 
steps,  its  response  can  be  mure  or  less  faster 
according  to  the  technology  used  for  the  probe 
arui  mainly  according  to  the  physical  thermal  tran¬ 
sient.  'no  distinguishes  three  different  cases 
which  have  respectively  a  peculiar  time  constant.. 
Tine  constant  value  is  given  here  at  9‘V'  of  the 
final  temperature.  If  a  temperature  step  is  ap¬ 
plied  on  the  probe  box  by  a  pulsed  power  las'*r 
beam  at  a  point  of  the  external  surface,  thermal 
energy  diffuses  from  this  point  to  the  total  vo¬ 
lume.  a  great  time  constant  corresponds  t.<  this 
phenomenon.  Measured  value  of  SAW  temperature  sen¬ 
ior  is  o1'  '  s. 

Thermal  convection  is  simulated  by  chopped 
hot  air  flow  in  a  pipe  with  a  constant  debit.  In 
this  case,  measured  values  of  time  constant  is 
at  >ut  "b  s. 

Generally,  temperature  measurements  arc  per¬ 
formed  in  the  case  of  thermal  conduction.  Time 
constant  measurements  are  made  with  a  pulsed  wa¬ 
ter  flow. 

Fig.  V  shows  that  tine  constant  value  of 
SAW  temperature  probe  measured  at  a-an  of  the  fi¬ 
nal  temperature  is  0.3  s. 


Fig.  V 

»’»•:  ,p.  ♦  :  m»*  .  -I  ..AW  t  enpera  tore  sensor  (Ji’I.-cut) 

f  MHz  A**  --  W 


Time  constants  are  summarized  in  Table  II 
and  compared  with  these  ones  of  BW  probe  obtained 
in  the  same  measurement  conditions.  For  each  ca¬ 
se,  SAW  temperature  probe  is  ‘"aster  than  BW  sen¬ 
sor  because  its  structure  where  the  crystal  plate 
is  almost  directly  in  contact  with  external  me- 
■1  i  um . 


di f fusion 

convection 

conduction 

sensors 

b  ,s) 

1 2  ,s' 

T  3  f  s  ) 

BW 

1  000 

91 

6 

SAW 

75 

0.3 

Table  II 

Time  constants  (i 'i  of  BW  and  SAW  temperature 
sensors  {measured  at  90%) 


S.A.W.  thermometer 

■’sing  SAW  temperature  probes,  a  new  type  of 
quartz  thermometer  was  build.  Fig.  P  shows  the 
quartz  thermometer  scheme.  SAW  temperature  probes 
are  ''.>r.!»*Tted  with  an  oscillator  in  an  hybrid  cir¬ 
cuit  at  the  end  of  rigid  coaxial  lines.  Temperatu¬ 
re  value;-,  are  measured  by  accounting  oscillator 
f requer.c  icr.  anont  MHz. 


Fig.  8 

SAW  quartz  thermometer  scheme 
f  -  ‘>8.<  MHz 
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Multiplexing  circuits  drived  from  a  micro¬ 
processor  enable  to  choose  one  of  both  SAW  oscil¬ 
lators  or  the  reference  oscillator.  Mixed  frequen¬ 
cy  is  accounted  after  passing  through  a  low  pass 
filter  (LPF).  The  microprocessing  program  drives 
also  the  display  device  after  correcting  lineari¬ 
ty  deviations. 

Temperature  calibratings  (0°C  and  100°C) 
are  available  from  processing  program.  All  possi¬ 
bilities  of  the  program  are  selected  from  a  key¬ 
board.  (photo  3), 

The  SAW  thermometer  enables  to  measure  tem¬ 
perature  in  large  temperature  range  frgm  -100°C 
to  200°C  with  an  accuracy  of  about  10  K  by  using 
internal  frequency  counter  over  1  s  and  with  ten 
times  better  accuracy  by  accounting  frequency 
over  10  s. 


Conclusion 


Those  SAW  quartz-sensors  are  high  performan¬ 
ces  transducers  for  measurements  in  laboratories 
or  aerospace  applications.  However,  Thomson-CSF 
Company  made  a  complementary  study  to  adapt  the 
pressure  sensor  for  automobile  market.  Likewise, 
temperature  sensor  will  be  developped  by  an  other* 
french  company  (CGE)  to  have  a  larger  diffusion. 
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Abstract 


& 


It  is  well  known  that  quartz  crystal  reso¬ 
nators  have  been  employed  in  a  number  of  ther¬ 
mometer  applications.  We  have  recently  dis¬ 
covered  two  new  the rmctre trie  cuts;  one  exhibits 
a  high  degree  of  linearity  over  a  wide  temper¬ 
ature  range;  the  other  is  located  in  the 
vicinity  of  the  stress  compensated  locus.  These 
doubly  rotated  cuts  ware  found  by  calculations 
based  on  the  thickness  -  vibration  theory  for 
ideal  plates. 

This  paper  presents  theoretical  and  experi¬ 
mental  results  concerning  the  frequency- tempera¬ 
ture  characteristics  of  these  quartz  resonators.  A 

One  of  the  quartz  resonators  is  made  by  ' 
using  a  (YXwl)  0=5°/9=S°  cut  and  is  formed  as 
a  rectangular  plate.  The  measured  physical 
features  are  as  follows.  The  resonator  operates 
at  about  11  MHz,  3rd  overtone,  vibrating  in  the 
thickness-shear  mode  (c  mode) ,  and  it  exhibits 
excellent  frequency  linearity  in  the  -196 cC  to 
+160  °C  range.  The  frequency  sensitivity  to 
temperature  change  is  688  Hz/°C  and  the  first 
order  frequency-temperature  coefficient  is  62.6 
x  10-6  C  °C  3  * 1 .  The  second  and  third  order 
frequency  temperature  coefficients  are  -18.1  x 
10"®  [°C  ]  “2  and  -35.9  x  10-12[°c]-J  respectively. 
The  frequency  constant  is  about  1.85  MHz-rrm.  The 
coupling  coefficient  is  approximately  11.74 
percent . 


resonator-;  as  excellent  digital  tenperature- 
sensing  elements  such  as  the  LC-cut  exhibits  [l,2]. 

In  this  paper,  two  new  resonator  cuts  which 
show  linear  frequency  -  temperature  characteristics 
are  proposed.  We  shall  call  them  the  NL-cut  series. 
The  cuts  are  found  by  the  calculation  based  on  the 
thickness-vibration  theory  [3-10 ]  and  are  made  by 
double  rotation.  In  these  resonators,  there  are  a 
longitudinal  wave  which  is  called  an  "a  mode"  and 
two  transverse  waves  which  are  called  "b  mode"  and 
"c  mode".  All  these  modes  are  excited  piezoelec- 
trically.  The  c  node  shews  excellent  linearity  of 
frequency  over  a  wide  temperature  range.  The 
experimental  results  coincide  well  with  our  theory. 
The-  frequency-tenperature  characteristics  of  these 
new  cut  resonators  are  ccrrpared  with  those  of  the 
LC-cut  [2]. 


Calculations 

The  right-handed  rectangular  Cartesian  coor¬ 
dinate  system  (O-xjy  x2,  X3)  in  relation  to  the 

crystal  axes  will  be  assumed,  as  shewn  in  Fig.  1. 
Fig.  1  shews  a  thin  quartz  crystal  plate  in  rela¬ 
tion  to  the  crystal  axes,  where  m  and  k  are  the 
unit  vectors  normal  to  the  crystal  main  surface 
and  the  wave  vector  parallel  to  it,  respectively. 
As  in  Fig.  1,  if  a  point  p(xp,x2,X3)  in  a  thin 
quartz  plate  is  described  in  the  spherical  coordi¬ 
nate  system  (O-s,  0O,  <J0)  >  have 


Key  Words;  Quartz  resonators,  quartz  crystal 
thermometers,  precision  frequency  linearity, 
doubly  rotated  cut,  c  mode,  thickness-shear 
vibration. 


Introduction 


xp  =  s  sin  0O  cos 
x2  =  s  sin  eQ  sin  dD, 

x3  =  s  cos  0O.  (1) 

As  we  knew,  in  thin  quartz  crystal  plates,  the 
frequency  equation  for  the  thickness-vibration 
modes  is  given  by 


Recently,  there  have  been  many  advanced 
studies  on  highly  stable  quartz  crystal  resona¬ 
tors  which  have  been  applied  bo  frequency  control, 
catmunications,  watches  and  so  on.  Most  of  these 
resonators  are  obtained  by  using  the  non-linear 
effects  of  the  frequency  to  offset  temperature 
variation,  force  change,  and  aging,  etc. 

On  the  other  hand,  if  we  can  find  resonators 
which  have  linear  frequency  effects  over  a  wide 
temperature  range,  we  can  make  use  of  these 


f  =  2Sy0vo  ln=1'3'  . >'  (2) 

in  which  0  and  Y0  are  the  density  and  thickness  of 
the  crystal  plate,  respectively,  and  c  represents 
eigenvalues  and  solutions  of  the  following  equation: 

iCijkl  mj  \  -  c6il'  -  0  '  l3) 

and 
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Cijkl  “  ^ijkl  +  !mq  cS  qj  mj)  ‘  (ehij  V  * 

%  ehkl>  '  (4> 

^ijkl  =  the  elaatic  stiffness  constants  at 
constant  electric  field, 

=  the  piezoelectric  constants, 

S 

e  .  =  the  dielectric  constants  at  constant 

®  strain. 


The  frequency  of  any  cut  can  be  expanded  in  a 
Taylor  series  with  respect  to  temperature  T.  By 
using  Equation  (2) ,  we  have  approximately 

f (T)  a  f(T  )  {1  +  oi(T-T  )+£{T-T  )2+*(T-T  )3}, 

0  o  o  ^  o 

2  6...  (5) 


in  which  T0  is  the  reference  temperature,  and 
the  coefficients  are  defined  by 


Experiments 

Figs.  4  and  5  are  photographs  of  the  NLi-cut 
resonators  used  in  the  experiments.  These  sample 
units  were  kindly  furnished  by  the  Miyota  Precision 
Co.  and  the  Toyo  Carmunication  Equipment  Co.,  Japan. 
The  NL^-cuts  are  displayed  in  Fig.  4  and  sanples 
Nos.  1  and  2  are  rectangular  and  circular  resona¬ 
tors,  respectively.  The  NL2-Cuts  are  shown  in 
Fig.  5  and  samples  Nos.  1  and  2  are  rectangular 
resonators  with  the  same  dimensions,  but  their 
electrode  diameters  are  somewhat  different.  Sample 
No.  3  in  Fig.  5  is  a  pentagon-shaped  resonator. 

The  electrodes  on  these  sanples  are  gold-sputtered. 

Fig.  6  shews  the  frequency-thickness  character¬ 
istics  of  the  c  mode  in  thin  NL^-cuts.  From  Fig. 

6  it  is  seen  that  the  c  mode  in  thin  NL-cuts  is 
surely  the  thickness  vibration  mode.  Further, 

Table  4  shews  the  measured  mean  values  of  frequency 
constants  for  sanples  Nos.  1,  2,  and  3  in  Fig.  5. 
From  Tables  1  and  4  it  is  seen  that  the  experimen¬ 
tal  results  coincide  well  with  the  theoretical  ones. 


,  1  3f(T)  , 

3  f  (T)  31  T0* 

(_L_  .  ■  J*lf-(.T.> ,  T 

l  f(T)  3t*  >  Lc 


Next,  to  measure  the  frequency-terrperature 
coefficients  of  the  crystal  resonators,  the  experi¬ 
ments  are  carried  out  in  the  oven  by  using  a  copper- 
constantan  thermocouple.  Measurements  were  performer 
over  a  wide  temperature  range. 


Y  =  ,  _1 _  a3f  (T) 

1  f (T)  3T5  1  TQ '  (6) 

The  a  mode  is  essentially  a  thickness-extensional 
vibration,  while  the  b  and  c  modes  are  thickness- 
shear  vibrations.  By  using  the  Equations  (2) -(6), 
and  the  values  for  C^jkl,  the  linear  expansion 
coefficients,  the  density,  and  these  temperature 
coefficients,  we  find  new  cuts  which  have  linear 
frequency- temperature  characteristics.  These 
new  cuts  are  (YXwl) o=5°/t)=50  and  (YXwl) f'=2O<>/v=2O0 
plates,  respectively.  These  will  be  named  theNLj- 
and  NL2  -cuts,  respectively.  Here  are  same  calcu¬ 
lated  properties  of  the  NL^-cuts.  They  are  com¬ 
pared  to  values  of  some  other  quartz  crystal  cuts 
[3-6  ]  (See  Tables  (1)  -  (3))  . 

Fig.  2  shows  the  orientation  of  the  NL^-cut 
plate  defined  by  the  angles  4  and  vs  (YXwl) 

Fig.  3  shows  the  loci  of  a=0  and  5=0  for  the 
c  mode  in  thin  quartz  plates  as  functions  of  the 
polar  angles  if  and  6.  Also  shown  is  the  locus  of 
zero  coefficient  of  stress  (CS) .  This  coefficient 
was  originally  calculated  for  a  limited  range 
around  the  SC  cut  by  E.  P.  Eer  Nisse  (llj,  and 
recently  expanded  in  angular  range  by  B.  Sinha 
[l2].  As  can  be  seen,  the  proximity  of  the  NL2 
cut  to  this  zero  locus  suggests  the  possibility 
of  achieving  stress  ccripcnsated  behavior  in  linear 
temperature  coefficient  cuts  making  them  suitable 
candidates  for  harsh-environments  applications  [  >]. 


Fig.  7  shows  the  frequency-temperature  charac¬ 
teristics  for  the  NL^-cut  resonator  operating  on 
the  fundamental  c  mode.  The  resonance  frequency 
is  3.691275  MHz  at  25 °C.  The  first-order  frequency 
temperature  coefficient  u  was  measured  and  found 
to  be  55.54  ppm/sC  by  using  a  least-squares  method. 
Similarly,  the  second  order  frequency  temperature 
coefficient  was  found  to  be  5/2=65.68  x  10-1*  ppm/ 

( °C) 2 .  This  result  corresponds  to  a  0.012  percent 
departure  frem  linear  dependence.  It  is  felt  that 
resonance  frequency  fluctuations  seen  in  the  vici¬ 
nity  of  -180 °C  and  100 “C  are  due  to  the  coupling 
of  unwanted  responses.  The  solid  line  shows  the 
theoretical  values. 

Figs.  8  and  9  show  the  frequency-temperature 
characteristics  for  the  same  NLq-cut  resonator 
operating  on  the  3rd  and  5th  harmonic  c  mode,  re¬ 
spectively.  The  resonance  frequency  is  11. 0214 lv 
MHz  at  25 ’C.  The  frequency  sensitivity  to  tempera¬ 
ture  change  is  688  Hz/°C  and  the  frequency  temper- 
a'.uie  coefficients  were  found  to  be  u=62.63  ppm/'C, 
8/2=- 18. 11  x  10" ?  pFtn/(°C):  and  >76=35.93  x  10-‘ 
ppm/(°C)J,  respectively.  This  result  corresponds 
to  a  0.029  percent  departure  from  linear  depen¬ 
dence.  Similarly,  in  Fig.  9  the  resonance  fre¬ 
quency  is  18.370302  MHz  at  25°C.  We  find  that 
u=63.53  ppm/"C.  .72^23.48  x  10  "'  ppm<  JC)  •'  ana 
>/6=-16.60  x  io-s  ppra/(5C)  J, respectively.  This 
corresponds  to  a  0.0037  percent  departure  from 
linear  dependence. 

Fig.  10  shows  the  linear  frequency-temperatuia 
characteristics  for  the  b  mode  in  a  NLj-cut  resona¬ 
tor.  The  frequency  temperature  sensitivities  for 
the  fundamental  and  3rd  harmonic  modes  are  the 
negative  values,  -18.80  ppm/°C  and  -21.19  pint,  ’C, 
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rvsp-et ! v-  -ly.  TIk'so  values  are  somewhat  different 
from  oiv'  mother.  On  the  other  hand,  the  dished 
line  is  the-  theoretical  value  -16.43  p£m/°C.  It 
is  also  felt  that  the  resonance  frequency  fluctua¬ 
tion  seen  in  the-40°C  to  -20 “c  temperature  range 
is  due  to  errors  in  measuring. 

Similarly,  Fig.  11  shows  the  frequency- temper¬ 
ature  effects  for  the  NL2~cut  resonator  operating 
on  the  c  mode.  The  a  for  the  3rd  and  5th  harmonic 
represents  the  positive  values,  i.e.,  17.20  pFm/°C 
and  15.0  ppn/JC,  respectively.  The  dashed  line  is 
the  theoretical  value  for  the  3rd  harmonic  mode. 

It  is  seen  tliat  these  experimental  results  coin¬ 
cide  well  with  the  theory. 

:jjw,  in  order  to  compare  the  frequency- 
tenjwratuiv  vif-.-cts  of  another  cut  with  the  NLi- 
cui  s,  tin-  LC-cut  war  chosen.  The  circular  LC-cut 
r- -soiritoi'  use  -  in  the  experiments  is  0.173  itm  in 
thickness,  13.436  rtm.  in  diameter,  and  the  elec¬ 
trodes  areb.807  rm  in  diameter.  The  electrodes 
are  gold-sputtered.  Fig.  12  shews  the  frequency- 
tun  leraturo  characteristics  for  the  LC-cut  opera¬ 
ting  an  th  a,  b,  and  c  modes  in  thin  LC-cut 
resonator  over  the  temperature  range  -40°C  to 
-i-100cC.  The  first-order  frequency  temperature 
coefficients  lor  the  b  and  c  modes  were  found  to 
be  -39.70  ppm/’C  and  38.40  ppm/°C,  respectively. 
Th'se  results  coincide  well  with  the  theoretical 
values  as  shown  in  the  figure  (Also  Table  3) . 
similarly,  the  frequency  effects  of  the  same  LC- 
cut  resonator  versus  temperature  over  the  range 
iron  -190 -C  to  +  15°C  are  shown  in  Fig.  13.  The 
<V  n  ’ircles  represent  the  experimental  values 
and  the  solid  line  represents  the  theory.  Within 
the  experimental  error  range,  the  a  and  3/2  of 

c  node  were  found  to  be  39.50  ppm/^C  and 
126  x  10_u  i-[ti/(  °Ci ; ,  respectively.  These  values 
correspond  to  0.032  percent  departure  from  linear 
dependence . 

To  obtain  a  small  and  clean  response  resona¬ 
tor,  we  rat ie  on  another  NLg-cut  (No.  2)  as  shewn 
in  Fij.  4.  Has  is  a  bi-convex  circular  resona¬ 
tor,  rf  :-r.  m  diameter  and  0.5  ran  thick.  The  reson¬ 
ant-  frequency  is  found  to  be  4.025092  MHz  at  25°C. 
Th.  v  vaiu-..-  in  of  the  order  55,000  in  nitrogen  gas 
je  u  The  response  time  of  this  resonator  to 
small  turpi -raturu  changes  is  fast.  The  a  is  found 
to  be  55.2*.  per.!/  C. 

Conclusion 

:  :t  th-  theory  and  the  experimental  results 
i’  foui.-:  that  the  .\Xp-cut  resonator  has  fre- 
qu--n.-y  linearity  over  a  wide  temperature  range, 
on  :  th:  :  i equency  sensitivity  to  temperature 

l  i*  .  f.oan  that  of  the  LC-cut  resonator. 

; ■  ■  •■'.it  on  the  other  hand,  appears  pro- 

:...o  ,  :  ■  r  :rm>tric  sensing  applications  where 
:.ij  ..  1  ’  i  wi Ui  •  xtreinely  low  sensitivity 
t  that  usually  produce  transient  and/or 

ii*:.!  •■>:  t  r-que-icy  offsets  are  required. 
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Table  1 


Frequency  constants  Nm  (m=mode  number:  a,b,  or  c) .  Values  are  in  MHz-mm. 


Cut  | 

NLi 

NLj 

LC 

AT 

BT 

Y 

X 

N  I 

3.11 

3.27 

3.  17 

3.50 

3.09 

3.01 

2.87 

Nb 

2.11 

2.09 

2.14 

1.90 

2.54 

2.16 

1.56 

Nc  I 

1.84 

1.70 

i 

1.73 

1 

1 .66 

1.88 

1 

1.96 

1 . 66 

i 

Table  2 

Piezoelectric  coupling  coefficients  Ik 


Values  are  percentages 


4.35 

3.21 

0 

0 

0 

=  6 

7.48 

7.64 

0 

5.62 

0 

=n 

4.  10 

9.21 

8.80 

0 

13.42 

9. 14 
0 
0 


Table  3 

First  order  frequency  temperature  coefficients,  Values  are  in 


10'6/°C. 


|  -21.5 

-37.4 

-26.  1 

-48.9 

-95.6 

-16.3 

-65.2 

-16.4 

-39.7 

-31.3 

0 

-97.8 

♦  62.0 

♦  17.1 

♦  39.8 

0 

-30.9 

♦85.7 

Measured  mean  values  of  the 
and  3. 


Table  4 

frequency  constants  for  the  NLj-cuts  Nos.l, 
Values  are  in  Milz-mm. 


s.  W 
i 

NO  a  1 

No.  2 

No.  3 

N  (1) 
a 

3.30 

3.28 

3.27 

Nbu) 

2.12 

2.10 

2.10 

N.  (3) 

1.71 

1.71 

1  .’1 

2, 


*5  I opt  tea)  axis) 


Figure  1.  A  Thin  Quartz  Crystal  Plate  in  Relation  to  the  Crystallographic 
Axes. 
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Figure  8.  Frequency  Temperature  Characteristic!  for  the  NL^  •  Cut 
Resonator  Operating  on  the  3rd  Harmonic  Mode 


Figure  9.  Frequency  Temperature  Characteristics  for  the  NL  Cut 


Resonator  Operating  on  the  5th  Harmonic  Mode 


Figure  10.  Frequency  Temperature  Characteristics  for  the  NLj  Cut 
Resonator  Operating  on  the  b  Mode 


Figure  1 1  Frequency  Temperature  Characteristics  for  the  NLj  Cut 
Resonator  Operating  on  the  c  Mode 


U’-i’ut  a,  b,  and  c  nodes 


Figure  13.  Frequency  •  Temperature  Characteristics  for  the  LC  -  Cut 
Resonator  Operating  on  the  Fundamental  Mode 
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V/  Abstract 

A  network  analyser  based  system  has  been 
established  which  characterises  the  crystal  res¬ 
ponse  over  the  region  of  the  resonant  and  anti- 
resonant  frequencies  By  a  set  of  typically  several 
hundred  $12  measurements.  A  new  software  system 
has  been  developed  which  determines  the  equivalent 
circuit  parameters  by  an  iterative  algorithm  which 
fits  the  theoretical  response  to  the  measured 
values  in  an  optimal  way.  This  method  is  therefore 
virtually  operator  independent,  and  provides 
excellent  resistance  to  random  errors;  reproduci¬ 
bility  of  motional  inductance  values  are  of  the 
order  of  1  in  10^ .-  -  (  j  ‘ ' 

The  general  p^Hosophy  of  this  approach  is  $o 
use  simple,  well  defined,  RF  hardware  to  provide  a 
precise  characterisation  of  the  crystal,  and  then 
to  use  advanced  software  to  resolve  the  problems 
of  interpretation.  The  technique  is  quite  practi¬ 
cable  with  desktop  calculators.  Measurements  may 
be  based  on  a  wide  range  of  different  measured 
parameters,  for  instance  magnitude  data  alone.  It 
is  therefore  possible  to  use  scalar  measuring 
equipment,  although  this  does  reduce  calibration 
accuracy,  as  vector  error  correction  is  no  longer 
possible. 

Key  words  :  Network  analyser,  crystal 
resonator,  least  squares  fit 

J _ Introduction 

The  measurements  of  crystal  resonator  para¬ 
meters  is  a  topic  which  has  occupied  many  people 
over  the  years,  and  numerous  methods  have  been 
proposed,  including  crystal  impedance  meters,  n- 
network  and  T  network  transmission  systems,  im¬ 
pedance  bridges,  and  network  analyser  s  parameter 
systems.  However  the  extent  to  which  the  crystal 
industry  can  justify  the  development  of  specialised 
measurement  apparatus  has  always  been  limited,  and 
the  preferred  choice  of  method  must  therefore  be 
conditioned  by  the  types  of  equipment  commerical ly 
available.  The  ability  to  perform  traceable  high 
precision  measurements  on  crystal  resonators  is 
essential,  both  as  a  research  and  development  tool, 
and  as  a  "leans  of  judging  the  wide  range  of  methods 
commonly  employed. 

Automatic  network  analyser  systems  are 
becoming  increasingly  widely  used,  and,  for  a 
number  of  reasons,  appear  to  offer  the  best  avail- 
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able  approach  to  the  problem  of  performing 
standardised  crystal  measurements!.  In  particular, 
it  Is  possible  to  use  well  developed  automatic 
error  correction  routines,  which  rely  on  calibra¬ 
tion  with  a  suitably  chosen  set  of  coaxial 
standards,  to  provide  a  high  degree  of  accuracy  and 
traceability  over  a  very  wide  frequency  range. 
Normally  a  network  analyser  can  provide  amplitude 
and  phase  measurements  of  all  four  s  parameters  of 
a  two  port  device,  and  this  offers  a  wide  range  of 
possible  methods  for  crystal  parameter  determina¬ 
tion.  A  method  which  has  achieved  a  degree  of 
general  acceptance  is  the  IEC  n-network/vector 
voltmeter  method?,  which  relies  on  zero  phase 
transmission  measurements,  and  resistance  sub¬ 
stitution  and  capacitor  loading  techniques. 

However  with  the  advent  of  calculator  controlled 
equipment  it  is  much  more  attractive  to  evaluate 
crystal  parameters  indirectly  from  simple  s  para¬ 
meter  measurements,  and  to  avoid  systems  such  as 
the  u-network,  with  its  separate  set  of  calibra¬ 
tion  components  which  have  proved  so  difficult  to 
standarise  in  the  past. 

The  first  use  of  a  network  analyser  in  this 
way  appears  to  have  been  by  Pustarfi  and  Smith!  who 
performed  error  corrected  transmission  measurements 
on  quartz  crystal  resonators.  The  admittance  of 
the  crystal  was  calculated  and  the  equivalent 
circuit  parameters  deduced  directly  from  this.  Once 
the  use  of  computation  to  resolve  calibration  and 
interpretation  problems  is  accepted,  then  it  is 
always  worth  considering  the  use  of  more 
sophisticated  software  to  reduce  the  complexity  and 
refinement  required  in  the  hardware.  Most  s  para¬ 
meter  methods  to  date,  rely  on  knowledge  of  both 
amplitude  and  phase,  but  often  there  is  a  greater 
uncertainty  in  the  phase  measurements,  and  it  may 
be  desirable  (and  cheaper)  to  use  scaler  analysers. 
Provided  that  the  measured  information  is 
sufficient  to  characterise  the  crystal  completely 
then  in  principle  it  is  possible  to  determine  the 
equivalent  circuit  parameters  by  a  numerical 
method.  This  opens  the  interesting  possibility  of 
implementing  a  non-linear  fitting  routine  on  the 
system  controller,  and  thus  making  such  a  procedure 
an  integral  part  of  the  measurement  system.  It  will 
be  demonstrated  that  such  an  approach  is  quite 
practicable  with  commonly  used  desktop  calculators, 
and  by  such  means  it  is  possible  to  determine 
circuit  parameters  in  a  optimal  way  from  a  wide 
variety  of  measured  data.  Excellent  resistance  to 
random  errors  can  be  obtained  as  the  final  results 
are  based  on  a  large  number  of  individual  measure- 
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i:  .in. i  :  •  i.  •  i  ,  to  reliance  on  the  skill  on 

'  i  t  ;*•  tent  nt  the  operator. 

!h  *  measurement  system 

tor  'lit.  >t  tins  work  neasurements  have  been 
pert  o'  ! -  t  1*10  i  an  ••tt’tiSOJH  network  analyser,  phase 
loiM-.t  (  )  an  A;!ret  ’inn  frequency  synthesiser  and 
control  let  ir.  an  Hl’'t*l?S  desktop  calculator.  The 
use  ot  fits  i!,]u t ivient  was  dictated  by  availability, 
an]  it  is  ..erninly  lore  complex  and  expensive  than 
this  appli.a'ior  warrants;  at  present  work  is  being 
transferred  to  a  :-tohde  and  Schwarz  ZPV  vector 


tor  the  highest  levels  of  precision  and  trace- 
ability  it  t$  necessary  to  employ  vector  error 
corrector  techniques* <a,  this  involves  the  use  of  a 
Itnea-  node •  to  characterise  the  RF  system,  the 
para  inters  of  which  are  determined  by  measurements 
on  standard  calibration  components.  With  this 
information  it  is  possible  to  ranove  most  hardware 
errors  by  computation,  having  only  non-linear 
effects  and  problems  such  as  connector  and  switch 
reproduc a b i ! l ty  unaccounted  tor.  The  standard 
twelve  term  error  model  which  has  been  employed  is 
very  well  documented  in  numerous  references'* 

(Figure  1),  and  a  detailed  description  is  not 
required,  nut  some  general  observations  are  useful. 
When  characterising  a  general  two  port  device  the 
corrected  value  of  any  one  s  parameter  is  a 
function  o'  ail  four  measured  s  parameters,  so  the 
time  required  for  measurement  is  considerably  in¬ 
creased.  For  a  simple  reflection  measurement  on  a 
one  port  device  only  three  error  parameters  and  one 
set  of  measurements  are  needed.  The  error  correc¬ 
tion  orocedures  only  account  for  errors  up  to  the 
:a!ibritton  reference  plane,  and  any  additional 
■ffects  produced  by  a  measurement  jig  must  be 
accounted  for  by  a  separate  model . 


There  .ir 
crystal  meas.i 
Lion  ’return 
first  method 
two  terminal 
grounded  (Fig 
regarded  as  a 

trie  can,  whit 

terminal  (Fig 
advantages  an 
approach  turn 
’) '  the  Cry si  a 
i  S  .  .‘•'■u'  del: 
addition  it  t 


advantage  of 
an.!  speed  o' 


n  general  two  techniques  for 
ants  which  can  be  employed,  reflec- 
s'6,  and  transmi ssion.  In  the 
crystal  is  treated  as  a  one  port, 
tee  with  one  terminal  and  the  can 
?) .  In  the  second  method  it  is 
a  port,  three  terminal,  device  with 
s  grounded,  constituting  the  thii  ‘ 
i) .  Both  of  these  methods  have 
i  sadvuntages.  The  transmission 
es  a  more  complete  characterisation 
esonator,  hut  whether  or  not  this 
s  on  the  actual  application.  In 
s  to  be  more  sensitive  when 
resonators,  and  it  gives  a  very 
r  the  static  capacitance  due  to  the 
ant i -resonant  frequency.  The  great 
reflection  approach  is  simplicity 
surement,  for  as  noted  earlier  the 
procedure  is  enormously  simplified 
ir  the  f.nansni ssion  method  the  main 
required  is  for  port  impedance, 
fracking  and  directivity  being 
so  in  a  simplified  system  automatic 
could  be  dispensed  with  and  port 
v**'.t  by  the  use  of  attenuators. 


Therefore  with  a  slight  loss  in  accuracy  it  is 
possible  to  use  transmission  measurements  without 
correction,  but  this  is  not  really  so  for  reflec¬ 
tion,  where  the  finite  directivity  of  most  test 
systems  can  lead  to  severe  errors  for  components 
with  impedances  close  to  50  o. 

For  this  paper  we  will  describe  in  detail  a 
system  based  on  the  transmission  method,  hut  most 
of  the  principles  are  applicable  to  the  reflection 
approach,  and  both  techniques  certainly  have 
definite  roles  to  play. 

3  The  evaluation  of  the  motional  parameters 

The  ideal  transmission  measurement  circuit 
shown  in  Figure  4  includes  the  capacitors,  Cy  and 
C;>,  which  represent  the  electrode  to  crystal  can 
capacitances,  and  any  other  strays  at  the  test 
ports.  Oue  to  the  small  values  of  and  C?  (~1 
pF)  the  measurements  are  extraordinarily 
insensitive  to  their  presence,  and  it  is  not 
possible  to  determine  them  with  any  high  degree  of 
accuracy  anyway.  In  principle  the  effects  of  these 
capacitances  may  be  removed  by  performing  measure¬ 
ments  away  from  resonance  to  determine  Cj  and  C;>  as 
accurately  as  possible*;  they  may  then  be  incorpo¬ 
rated  into  the  error  parameters,  and  removed  from 
the  final  measurements  along  with  other  system 
errors.  This  is  a  very  small  refinement,  hut  we 
may  now  assume  that  we  have  true  measurements  of 
Sj2  for  the  LCRCg  circuit  in  series  between  a  50  1 
source  and  load  (Figure  5). 

We  will  now  describe  a  procedure  by  which 
'optimal1  values  for  the  four  major  parameters  may 
be  deduced.  It  must  be  remembered  that  'optimal' 
means  minimising  some  measure  of  the  error  between 
the  theoretical  and  experimental  values.  Numerous 
different  error  criteria  can  be  adopted,  and  these 
can  and  will  give  slightly  different  values  for  the 
circuit  parameters.  It  is  perfectly  reasonable  to 
ask  about  the  reproducibility  of  a  particular 
procedure,  but  if  two  different  procedures  give 
slightly  different  answers  it  is  meaningless  to  ask 
which  are  'true'.  To  illustrate  the  non-linear 
fitting  programme  which  forms  an  essential  part  of 
the  proposed  method,  we  will  use  a  criterion  which 
consits  of  minimising: 

111 

The  An  are  the  measured  tran'  tission 
amplitudes  after  error  correction,  measured  over  a 
certain  set  of  discrete  frequencies.  The  Sp  are 
the  theoretical  values  of  for  the  circuit  of 
Figure  5,  evaluated  over  the  same  set  of 
frequencies.  The  procedure  therefore  minimises  the 
sum  of  the  squares  of  the  fractional  errors  with 
respect  to  the  four  parameters  L,R,C  and  C0.  fach 
term  in  the  summation  is  weighted  hy  >  factor  Ap. 
This  has  two  purposes:  first,  the  dynamic  accuracy 
of  the  equipment  falls  off  with  amplitude,  and 
points  with  small  amplitudes  are  therefore  less 
significant;  second,  the  range  of  frequency  points 
is  usually  chosen  to  include  the  resonant  and  anti- 
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resonant  frequencies,  and  It  Is  required  to  give 
more  emphasis  to  the  characteristic  In  the  region 
of  the  resonance.  This  criterion  uses  only 
amplitude  Information,  and  the  procedure  could 
therefore  be  used  equally  well  with  a  scalar 
detection  system. 

If  we  ci  nose  parameters  ai  *  Cq,  a2  *  R, 
an  *  L,  04  ■  C'l,  then  the  condition  for  a  minimum 
of  E  may  be  written: 

bE_  -  0,  i  *  1  to  4  (2) 

bai 

It  is  not  possible  to  find  an  analytic  solution  to 
such  a  problem,  and  an  iterative  approach  must  be 
adopted.  In  the  classical  Newton  method,  to 
find  the  required  Increments  iaj  we  use  the 
approximation: 


a  1  sn  1 2 

* 

*  Sri 

bSn  + 

Sp 

=  2Re 

dal 

bai 

bai 

2 

* 

* 

b|Snl 

*  bSn 

,  hSn  + 

SSn  . 

hSn 

daf  daj 

bai 

baj 

bai 

i!»j 

(9) 


+  Sn  h  Sn  , 
bai  baj 


?  * 

Sn  9  Sn 

bai  baj 


0  *  ^E(a+Aa)  •  bE  +  \  b^E 
bai  bai  J  baibaj 


Aaj 


(3) 


and  this  provides  a  simple  set  of  four  linear 
equations  to  determine  the  four  Increments  at  each 
iteration.  Despite  the  good  convergence  of  this 
method  in  the  vicinity  of  the  solution,  the  problem 
of  computing  the  second  derivatives  often  prevents 
its  use;  fortunately  in  this  case  they  are  quite 
easily  calculated,  and  it  has  been  shown  that 
Equation  (3)  provides  a  very  satisfactory  approach. 
For  the  circuit  of  Figure  5  it  is  easily  shown 
that : 


S12  =  S  *  (1+Z/2R0)-1 

*  2V  =  1-  1 


(Ro  *  50  Q) 


(4) 


as  the  parameters  R,l  and  C*3  enter  the  formula  for 
S  on  essentially  the  same  footing  we  may  use  the 
equivalences: 


+  Sn 


balbaj  j 


(10) 


Obviously  for  the  evaluation  of  the  deriva¬ 
tives  of  E  it  is  necessary  to  go  through  the  whole 
set  of  measurement  frequencies  and  evaluate  the 
derivatives  for  each  one.  For  this  reason  the  com¬ 
putation  time  required  is  directly  proportional  to 
the  number  of  points  used. 

For  the  system  in  use  at  the  moment  it  is 
normal  to  characterise  the  crystal  by  a  set  of 
measurements  at  equal  frequency  increments,  over  a 
range  containing  the  resonant  and  anti-resonant 
frequencies.  This  data  is  scanned  very  crudely  to 
find  the  points  of  maximum  and  minimum  trans¬ 
mission,  and  from  this,  approximate  starting  values 
for  the  circuit  parameters  are  obtained.  These 
values  are  then  refined  by  iteration,  using 
Equation  {3)  to  calculate  each  set  of  increments. 
The  process  is  terminated  when  the  values  of  R,l, 
and  resonant  frequency  agree  to  within  the 
stringent  limits: 


b  ;  Jhi  b 

bag  ba2 

i.e.  b 

bl 

-  j  U)  d 

b* 

1  Rn  “ 

Rn- 1 1 

<0.001 

b  =  U'W)*1 
ba«  ^2 

i.e.  b 

bFT 

5  (jui)-1  b  (5) 

8* 

1  Ln  " 

Ln-l  1 

<0.001 

l«n  -  wn-il  <0.001  op-i/Qn-l 


and  it  is  sufficient  to  compute: 

bS  ,  •  1?S  ,  b?s  ,  and  ,  the  other 

'O  ^2  bajba? 

l  2 

two  derivatives  and  seven  second  derivatives  then 
being  obtained  by  trivial  application  of  Equation 
(6).  Having  done  this  the  derivatives  of  E  may  be 
computed  using  the  following  formulae: 


between  successive  iterations.  Typically  two  to 
three  iterations  are  required,  and  the  time  taken 
is  approximately  500  ms  per  point  per  iteration 
using  the  HP9825.  For  machines  witn  assembly 
language  capability  the  critical  part  of  the 
programme  could  be  coded  in  assembler  with  a  con¬ 
siderable  increase  in  speed,  hut  even  so  a  typical 
20  point  fit  takes  a  total  of  only  30  s.  It  should 
also  be  noted  that  there  is  no  need  to  locate  the 
resonant  frequency  exactly  during  measurement,  and 
for  this  reason  very  high  resolution  synthesisers 
are  not  necessary. 

4 _ Experimental  results 

Ideally  error  parameters  would  be  determined 
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for  each  measuranent  point,  but  this  is  impractic¬ 
able,  as  recal ibration  would  be  necessary  for 
virtually  every  measurement,  and  storage  require¬ 
ments  could  be  prohibitive.  The  alternative  method 
of  calibrating  at  certain  fixed  points  and  using 
interpolation  has  therefore  been  used;  crystals 
were  all  measured  using  a  General  Radio  T05  tran¬ 
sistor  test  mount.  The  frequency  range  of  the 
equipment  meant  that  crystals  of  almost  any 
frequency  could  be  measured,  and  the  system  has 
neon  successfully  used  up  to  200  MHz. 

Table  1  gives  values  of  the  parameters  of  a 
10  MHz  crystal  as  determined  in  a  sequence  of 
repeated  measurements.  The  frequency  range  used 
was  9.99  MHz  to  10.027  Wz  in  250  HZ  steps,  so  the 
evaluation  was  based  on  149  individual  measure¬ 
ments.  The  incident  power  level  was  approximately 
-12  dBm.  The  test  system  was  housed  in  a  tempe¬ 
rature  controlled  room,  and  the  crystal  was 
surrounded  by  insulating  foam  to  reduce  thermal 
transients. 


Table  1 


Series  resonant 
frequency  (Hz) 

L(mH) 

ESR(q) 

C0(pF3 

1. 

9998186.5 

22.08 

16.8 

2.65 

2. 

9998185.9 

22.09 

16.8 

2.65 

3. 

9998184.0 

22.04 

16.3 

2.65 

4. 

9998185.6 

22.05 

16.6 

2.65 

5. 

9998135.9 

22.04 

16.5 

2.65 

6. 

9998184.7 

22.06 

16.4 

2.65 

7. 

9998183.9 

22.04 

16.3 

2.65 

8. 

9998136.1 

22.04 

16.5 

2.65 

9. 

9998186.6 

22.05 

16.6 

2.65 

10. 

9998186.0 

22.04 

16.5 

2.65 

11. 

9998186.2 

22.06 

16.6 

2.65 

12. 

9998185.5 

22.03 

16.5 

2.65 

Tables  2  and 

3  show  similar  results  for  90  Wz 

and 

150  MHz  crystals  using 

frequency 

ranges  of 

90  1 

MHz  to  90.009  MHz  in  50 

Hz  steps. 

and  149.999 

MHz 

to  150.009  MHz 

in  100 

Hz  steps  respectively. 

The 

other  measurement  conditions  were 

Table  2 

simi lar. 

Series  resonant 
frequency  (Hz) 

l(mH) 

ESR(O) 

C0(PH 

1. 

90002095 

8.915 

51.6 

2.85 

2. 

90002097 

8.909 

51.5 

2.85 

3. 

90002099 

8.909 

51.5 

2.85 

4. 

90002100 

8.912 

51.5 

2.85 

5. 

90002101 

8.914 

51.6 

2.85 

5. 

90002101 

8.916 

51.6 

2.85 

7. 

90002101 

8.910 

51.6 

2.85 

u 

90002101 

8.909 

51.6 

2.85 

Table  3 


- - 

Series  resonant 
frequency  (Hz) 

L(mH) 

ESRh; 

C0(PF) 

1 

150002111 

10.25 

142.0 

2.70 

2. 

150002115 

10.24 

142.0 

2.70 

3. 

150002117 

10.25 

142.1 

2.70 

4. 

150002116 

10.25 

142.1 

2.70 

5. 

150002113 

10.25 

142.0 

2.70 

6. 

150002116 

10.24 

142.0 

2.70 

7. 

150002120 

10.26 

142.1 

2.70 

3. 

150002121 

10.26 

142.1 

2.70 

9. 

150002122 

10.27 

142.2 

2.70 

10. 

150002115 

10.25 

142.1 

2.70 

These  crystals  had  been  measured  some  time 
previously  by  Salford  Electrical  Instruments  Ltd 
using  their  standard  IEC  n-network,  with  additional 
C0  cancellation  for  the  90  and  150  MHz  crystals. 

The  values  of  ESR  obtained  in  this  way  agreed  well 
with  the  above  results  even  for  the  150  MHz 
crystal.  However  for  the  motional  inductance, 
values  of  8.4  and  8.9  mH  were  obtained  for  the  90 
and  150  MHz  crystals,  compared  to  the  above  values 
of  8.9  and  10.3  mH. 

The  above  results  are  slightly  idealised  in 
that  the  crystals  were  not  removed  from  the  jig 
between  measurements,  but  they  show  the  excellent 
reproducibility  of  the  basic  system,  with  values  of 
motional  inductance  consistent  to  1  in  10^  and  ESR 
to  within  1  in  102.  Equivalent  series  resistance 
is  the  parameter  subject  to  the  greatest  fluctua¬ 
tions,  and  altering  the  number  or  distribution  of 
the  measurement  points  used  in  the  fitting 
procedure  can  produce  changes  of  several  percent. 

It  is  therefore  questionable  whether  ESR  can  be 
truly  defined  with  more  precision  than  this. 

5  Conclusions 

A  network  analyser  s>  tern  has  been  established 
for  the  measurements  of  crystal  parameters, 
differing  from  previous  systems  in  that  the  inter¬ 
pretation  of  the  data  is  performed  by  a  general 
non-linear  fitting  procedure  which  is  implemented 
on  the  system  controller  and  is  an  integral  part  of 
the  method.  Network  analysers  offer  the  advantages 
of  excellent  accuracy  and  freauency  range,  and  are 
readily  calibrated  using  traceable  standards.  A 
straightforward,  but  very  reliable  method  for 
analysing  the  data  using  'optimal'  least  squares 
fits  has  been  demonstrated,  and  has  been  shown  to 
provide  excellent  reproducibility,  as  the  results 
are  based  on  a  large  number  of  separate  measure¬ 
ments,  and  all  operator  dependence  is  removed.  It 
has  been  found  that  different  fitting  procedures 
produce  noticeably  different  values  for  certain 
crystal  parameters,  particularly  ESR,  and  this 
provides  a  limit  to  how  meaningful  these  parameters 
are,  independent  of  the  method  of  measurement .  The 
nethod  has  already  been  used,  very  successfully, 
for  the  selection  of  filter  crystals,  where  tight 
matching  for  motional  inductance  was  required. 
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figure  1.  Network  Analyser  Error  Model  One  Direction 
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Figure  4.  Measurement  Circuit 


Figure  2  Crystal  Equivalent  Circuit  with  Can  and  One  Terminal 
Grounded 
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Figure  5.  Ideal  Circuit  After  Removal  of  Shunt  Capacitances 


Figure  3  Equivalent  Circuit  with  Can  Grounded 
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Sunnyvale, 

Summary 

T ^ e  deve I opment  of  an  automated  x-ray 
orientation  system  i*>r  .ccurate  measurement  of  the 
any. lev  of  cut  oi  doubly  rotated  quartz  crystal 
pi  itch  is  de.icribed.  Our  goal  is  to  develop  a 
prototype  instrument  capable  of  determining  the 
convent ional  phi  and  theta  angles  to  4  arc-seconds 
reproducibility  and  10  arc-seconds  absolute  accu¬ 
racy  tor  the  SC-cut,  and  capable  of  measuring  the 
general  orientation  of  any  cut  on  the  bulk-wave 
zcrn-temperaturo-coct f ii  lent  locus.  Blanks  are 
assumed  to  he  pre-cut  to  within  13  minutes  of  the 
2t*s  i  red  any  i  ci  ei  «.  i;t  . 

A  at  •■•i  •  iv;.t  i  ,»ser  -  si  '-*.>■  1  I  .r.:«  ait:  ractom- 
'■b  f  ■».!  ;  bt'i  .Itf.i,  m  i  W-  lie  •  T  rent  lv  at 

t;u  stay.  ■:  ilu.it  in*:  ri  fining  its  perf-rir- 

»t’  c.  Currently  the  i  ert  .  r:«an>  e  <•:  the  x-ray 
s-ihsvster.  is  as  go  \i  is  2  »rc--e  ends.  Recent 
i::  p t  cement  s  t-*  the  loser  subsystem  have  brought 
its  performance  in  1  in*  with  that  or  the  x-ray 
subsist  era.  Vher.  blanks  .ire  remounted  between 
measurements,  a  provision  f  arc-seconds 
star.aarc  deviaticn  in  phi  tn«:  theta  is  •‘■bserved 
t  a  blanks  with  3-3  ritron  surface  finish.  \ 

V 

_L_n t  roduc  t  ion 

In  this  paper  we  report  prugress  made  in  the 
development  of  a  laser-assisted  lane  diffractom- 
•  ■tir  :  or  a..o;r  ite  .me:  automated  measurement  of  the 
angles  of  ..at  «-f  quartz  , rvstais,  including  doubly 
ruts  --  in  part  ic:  lar  the  SC  vut.  Earlier 
work  m  t^'is  inst rumen:  has  been  described  in  the 
;,r  ■  i.v  iron  v*.  »r*s  Svmp. -si urn*  and  else- 

whi- ’  <t  ■*  Ibis  in;:r.m«.rt  utilizes  a  c  ont  inueus 
x  -  J”  • :  -y '*•«.  '  r  . ratr.i.:  :  nan  a  monochromat  ic  one  as 
in  nventi  :.a  1  dl:t:a.ti  n  instruments,  permitting 
•*  \  .-a  i  e  m  t.nr  wirh  on  1  v  one  degree  of 

r  '  n  :/.c t  ion  »t  tne  blank. 

.  i  * .  r  .  t  i'o-  •:  the  instrument  is, 

c :  a  :  •  within  about  13  arc-minutes 

:  f*  '...’in  the  c>  r-.vt  nt  i.'nai  phi,  theta, 

o  :  ,  .  ,  *  ♦»>.:•■  :  ••  •  •  angles  :  cut  to  a  few 

•i  -  .r.j  v  i  :  rder  to  determine  the 

:  ;  e  t  1  . .: :  r y  :  t  •  v  i e  1  d  the  desired  angles, 

aca  -  w .  .  be  made  will',  respect  to  a 

■  •  *  t-  .•  .  »r  :  .  r  v  -  .  I  i ,  .  ach  t  . ;  e  of  cut 
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to  be  measured.  The  design  goals  we  wish  to  meet 
include : 

1)  Types  of  Cuts.  The  system  must  be 
capable  of  measuring  blanks  of  general 
orientation,  in  particular  those  on  the 
bulk-wave  zero-temperature-coef f icient 
locus.  It  must  be  possible  to  measure 
round  blanks,  and  to  accommodate  a  vari¬ 
ety  of  blank  sizes  and  thicknesses. 

2)  Reproducibility  and  Accuracy.  For  S(,  cut 
blanks  the  goals  are  given  as  standard 
deviation  from  the  mean  in  the  conven¬ 
tional  phi/theta  angles  of  «_ul.  The  goal 
for  reproducibility  (i.e.,  for  repeated 
measurements  of  the  same  blank)  is  plus- 
or-minus  4  arc-seconds ,  and  the  goal  for 
absolute  accuracy  is  pi us-or-minus  10 
arc-seconds . 

3)  Rate  of  Measurement.  Measurements  of 
doubly  rotated  cuts  are  to  proceed  at  a 
rate  of  50  or  more  plates  per  hour. 

Thus,  the  design  goals  specify  an  instrument  with 
greater  flexibility  and  accuracy  than  commonly 
found  in  conventional  x-ray  orientation  equipment. 
As  described  below  we  are  very  close  to  achieving 
the  first  two  goals  set  forth  above.  While  the 
time  per  measurement  is  currently  about  three  times 
the  design  goal,  the  instrument  at  this  stage  has 
been  developed  with  accuracy  rather  than  speed  as 
the  prime  consideration ,  and  significant  improve¬ 
ment  is  possible  in  the  determination  times. 
Although  these  determination  times  appear  lone 
compared  with  those  for  current  production  meas¬ 
urements  of  singly  rotated  cuts,  the  measurement 
of  a  general  three-dimens i ona 1  orientation  is 
inherently  a  longer  process  than  determination  f 
one  angle-of-cut ,  and  longer  measurement  times 
would  thus  be  expected  regardless  of  the  choice 
of  x-ray  method. 

The  Laue  Method 

The  differences  between  the  Laue  method  and 
conventional  diffraction  techniques  as  thev  apple 
to  this  system  have  been  described  earlier.^-*4 
An  excellent  general  text  on  the  theory  and  ap¬ 
plication  of  the  Laue  method  is  available.^  The 
Laue  method  has  long  been  used  for  orientation  of 


crystals  to  about  0.25  degrees,  usually  employing 
visual  analysis  of  a  diffraction  pattern  on  film 
or  on  a  fluorescent  screen.  Higher-precision 
Laue  work  (35  arc-seconds  in  favorable  cases)  has 
been  previously  performed  where  the  desired 
crystal  orientation  places  a  crystallographic 
symmetry  axis  exactly  along  the  incident  x-ray 
beam,  by  matching  the  intensities  of  symmetry- 
equivalent  ref lections but  that  method  is  less 
useful  for  an  instrument  which  must  measure  a 
variety  of  general  orientations. 

Because  the  Laue  method  uses  a  continuous 
incident  x-ray  spectrum,  small  changes  in  crystal 
orientation  do  not  in  general  move  the  crystal  in 
and  out  of  the  diffracting  condition.  This  is  in 
contrast  to  the  case  of  conventional  Bragg 
diffraction,  where  a  small  change  in  the  orienta¬ 
tion  of  a  diffracting  crystal  in  general  causes 
the  diffraction  maximum  to  disappear  entirely. 
Three  degrees  of  freedom  in  motion  of  the  sample 
are  thus  required  to  search  for  a  diffraction 
peak  when  performing  general  orientation  of  a 
c.rvstal  by  the  Bragg  method.  In  the  Laue  case, 
since  the  peak  is  visible  over  a  wide  range  of 
orientations,  only  a  single  degree  of  freedom  in 
sample  motion,  a  rotation  about  the  psi  axis,  is 
required  when  the  orientation  in  phi  and  theta  is 
known  to  better  than  the  separation  of  the  promi¬ 
nent  peaks  in  the  Laue  diffraction  pattern.  If 
it  were  not  necessary  to  measure  round  blanks; 
i.e.,  if  psi  were  also  known  to  0.25  degrees  at 
the  outset,  no  mot  ion  of  the  blank  would  be 
required  at  all.  Determination  of  the  locations 
of  two  diffraction  peaks,  enabling  the  three- 
dimensional  orientation  of  any  two  non-co linear 
normals  to  crvsta 1 lographic  planes  to  be  computed, 
is  sufficient  to  completely  specify  the  three- 
dimensional  orientation  of  a  crystal. 

The  major  advantage  of  the  Laue  method  is 
thus  the  fact  that  peaks  are  much  more  readily 
located,  leading  to  a  mount  with  only  one  rota¬ 
tional  degree  of  freedom,  and  therefore  to  a  de¬ 
sign  which  provides  a  great  deal  of  accessibility 
to  the  sample.  The  major  disadvantage  lies  in 
the  lower  counting  rates  obtained.  Careful  choice 
of  instrument  geometry  and  x-ray  reflections  is 
required  to  maximize  the  counting  rates. 

aue  Instrument  Concept 

'liven  a  Laue  diffraction  peak,  as  the  orien¬ 
tal  i  vi  ot  the  crystal  is  changed  by  a  small  amount 
ti.v  position  of  the  -,,.:ik  changes  just  as  if  the 
reflection  were  occurring  from  a  mirror  parallel 
to  the  diffracting  lattice  planes,  slightly 
chancing  the  peak  energy  of  the  diffraction.  At 
.i  400  mm  crystal-to-detector  distance,  as  in  the 
^vstem  ti>  he  described,  the  x-ray  spot  moves  about 
♦  mil  iv ns  fur  an  arc-second  change  in  crystal 
orientation  in  the  plane  of  reflection.  Figure  1 
.h.'ws  the  concept  employed  in  the  Laue  diffractom¬ 
eter  for  completely  determining  the  crystal  Lat- 
t  ice  orientation.  A  minimum  of  two  x-ray  detec¬ 
tors  is  required,  although  a  larger  number  can  be 
u-»ed  (three  aie  available  on  our  system).  The 
'•lank  is  mounted  a  rotating  stage  with  the  axis 


of  rotation  approximately  parallel  to  the  psi- 
axis  of  the  blank.  The  x-ray  detectors,  with 
apertures  large  enough  (plus-or-minus  1  degree  in 
this  case)  to  accommodate  any  mounting  errors  as 
well  as  errors  in  the  angles  of  cut,  are  posi¬ 
tioned  so  that  only  at  some  unique  stage  rotation 
angle  will  x-ray  reflections  enter  all  counters 
simultaneously.  The  exact  position  of  each  re¬ 
flection  within  its  counter  aperture  is  then 
determined.  These  measurements  permit  the  normals 
to  two  or  more  sets  of  diffracting  planes  and, 
thus,  the  crystal  orientation,  to  be  computed. 

Assuming  that  the  blank  has  been  mounted  so 
that  the  normal  to  its  face  is  exactly  parallel  to 
the  rotator  axis,  this  information  is  sufficient 
to  determine  the  angles  of  cut.  However,  mounting 
errors  are  typically  in  the  one-minute  range,  as 
described  below,  and  a  correction  must  be  made. 

The  method  used  is  shown  in  Figure  2,  and  employs 
a  He/Ne  laser  and  linear  position-sensitive  detec¬ 
tor  to  measure  the  precession  of  a  laser  beam 
reflected  from  the  face  of  the  blank  as  it  rotates 
to  yield  both  the  height  and  orientation  of  the 
face.  Determination  of  the  severity  of  errors 
arising  from  sample  mounting  and  the  met  hod  of 
laser-assisted  d if f rac tome  try  have  been  dose ri hud 
previously  by  Vig.7 

Description  of  the  Laue  Diffractometer 

An  overall  view  of  the  prototype  Laue  dif¬ 
fractometer  is  shown  in  Figure  3.  Although  the 
He/Ne  laser  itself  is  not  visible  from  this  angle, 
the  other  major  features  of  the  instrument  can  he 
seen.  A  steel  table  serves  as  the  base  of  the 
instrument.  Mounted  in  the  center  of  this  table 
is  a  high-precision  rotating  stage  which,  like  the 
other  moving  parts  of  the  instrument,  is  under 
computer  control.  Just  to  the  left  of  the  rotary 
stage  is  the  x-ray  source  collimator,  attached  to 
the  x-ray  source  itself.  The  diffracted  x  rays 
are  detected  hv  three  x-ray  detectors  mounted  on 
the  three  arch  supports  which  can  be  seen  at  the 
right  of  the  rotary  stage.  The  He/Ne  laser  (not 
visible  here)  is  mounted  near  the  central  arch 
support,  and  the  reflected  laser  beam  is  detected 
by  an  optica!  system  including  a  posi t ion-sensi t iv 
diode  detector,  shown  at  the  far  left.  Kach  ■  f 
the  major  components  is  described  in  more  detail 
below. 

Sample  Mount 

Figure  U  is  a  .-loser  view  of  the  rotary  star*' 
on  which  the  sample  is  mounted.  The  stage  was 
chosen  for  its  low  run-out  normal  to  tin*  rotation¬ 
al  plane  (.under  2  arc-seconds ) .  It  is  driven  hv 
a  stepping  motor  at  .01  degree /step  and  up  to 
2000  steps /second ,  giving  a  slew  rate  ot  about  20 
degrees/second.  i>n  top  oi  the  stage  is  a  three- 
point  vacuum  chuck,  on  which  t  lie  blank  i*^  mounted. 
The  collar  around  the  sample  mount  is  threaded  to 
permit  adjustment  of  the  sample  height,  while 
keeping  the  orientation  of  the  sample  approximate¬ 
ly  the  same  (currently  to  1-2  minutes).  The 
viewing  angle  in  this  figure  is  approximate! v  the 
same  as  in  Figure  3.  The  x-rav  source  collimator 
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«  aii  be  .seen  at  the  lett,  and  the  direction  of  the 
incoming  He/Ne  laser  beam  can  be  seen  at  the  right. 

\  -  r  .iv  Suhsy  s  t  om 

The  x-rav  sour*  o  is  a  standard  sealed-tar.  ' 
l SOU  watt  x-rav  dil  l  met  ion  tune,  whi<*h  is  exci:  *d 
below  tin.  character  i  st  if  K-line  potential  in  order 
i.-  p*  -duce  a  relatively  smooth  "vh  i  t  e-radi  at  i  on” 

«;»e*  trot:..  The  incident  x-ray  beam  approaches  the 
:» .  it:';  j  •  ’  t-  at  a  glancing  angle  of  20  degrees.  The  x- 
l  senr-.e  Collimator  is  approximate!-.  20  cm  in 
length,  and  has  a  1  mm  aperture  at  each  end.  The 
x-rav  tube  mount  permits  fine  translational  and 
rot  at  i .  .'.al  adjustments  ct  the  scarce  f-r  alignment 
purposes .  At  the  exit  port  of  the  x-ra--  » ube 
hous  iin;  is  the  x-ray  shutter,  which  i-.  .»U;>  under 
i.v :  t  i-r  .ontrol  and  has  both  "open"  mi  "closed" 
•.iil-s.it*  stumors  fh-r  operator  iietv. 

Figure-  >  is  a  view  t  ram  what  we  have  been 
filling  the  "lell"  o!  the  instrument,  looking  from 
l  ho  \-r.iv  st'iin  e  toward  the  x-rav  detectors.  From 
r  h  i  ancle  the  three  doi.etior  arch  supports  can  be 
i.»etter  resolved.  Kacli  of  the  arch  supports 
permits  its  detector  to  be  placed  at  any  inclina¬ 
tion  angle  between  13  and  h_S  degrees  from  hori- 
zontu,  maintaining  a  fixed  samp le-to-detec tor 
ii  ••tan  e  et  «0fl  ran.  The  center  <>I  r  he  sample 
.■■I'Ve:,  .»;*  the  center  of  all  detector  motions.  file 
or.  Ira!  irrh  is  t  ixed  it  zero  azimuth  (i.c.,  the 
. me, le  i:  the  horizontal  plane),  whereas  each  of 
the  tv..-  outside  detector  arches  can  he  varied  in 
azimuth  between  20  and  90  degrees  from  the  central 
arch.,  again  maintaining  a  fixed  samp  1  e-to-detec tor 
distance.  This  detector  mobility  permits  the 
instrument  to  be  readily  adapted  te  a  wide  variety 
of  cuts,  and  a  repositioning  of  the  deiectors  is 
ir.e  only  change  in  the  instrument  required  to 
change  from  one  type  of  cut  to  am  ther.  This 
met  nod  of  measurement  and  ret  on  f  igurat  tor.  makes  no 
distinction  between  singlv  and  doubly  rotated  cuts; 
i.e.,  every  blank  is  measured  in  terms  of  Its 
conerii  three- dimensional  •  >r  ient  .<  r  i .  :» .  While 
speed  am  1  iu  ur.i.v  trureiore  ■!.*  not  improve  tor  a 
.ingly  t  -tiled,  cut,  both  angle  •:  .  .r  * r . •  -b- 

t.iinei,  and  the  instrument  -.it*  *  i !  :  :  «•  ini  pa  I- 
useful,  :.*r  i.'X  i’tj..'1,  in  ..t  :  : : 

A,  -  c-it  i  rv-t.ii-,. 

'he  -r  i.  icte.t  r-  *:«  .t  r;!..r  ;  *.  •  I  •,.  in¬ 
ti  Hi’,  l  pad  'mu  .  ?  i  p  l  irr  let*.:  :  ,  '.♦>  nr 

1  ure  si.1-.: .  nd  i  in*  a;  .:••>:  i  •  '  legreev  at 

t  ,  o  i  -  n;  !  e-t. !  *i  •  •:  .;i-.t  rio- 

*■)>)  mm.  n.i-  ••  -p.;  i  cur.it  i .  n  iea  t-.  to  i  d’.n.iflii. 
range  «>;  about  *  i.i .  c*  degree  combined  error  in 
.e-gif-,  of  .  u*  in  ;  .  ryst.ii  r  ing,  while  m.iin- 
r i  n  i  n apertures  -,uf  r  ic  ient  1  v  narrow  to  avoid 
i -  i  t  i  o:.  ing  ambiguities  in  the  initial  search 
:.'t  ,..-f.iv  re  i  le<  t  ions .  Muring  this  initial  search 

i ...  :-,-rr-  count  s  in  ail  detect  rs  ue  monitored 

t.  t  ne  at  age  ;  .  rotat*  :  at  slew  -.peed.  Jhe  search 
fo  pi i  res  se>  omls  . 

:  r out  m :  o  u  !\  detector  !•>  a  tr  instating 
.  w;*i.h  ^  a  ns  ;  air  ■*  !.  •  mi:  slits  over  its 
*•*.,  :.r,  iv  r  hr  » un,  .re  f  he  spatial  ' -ray 
:  1 1.  :oi!  v  c  i  - :  r  i  hut  i  >r.  wiinir  the  aperture.  The 


resulting  :-.-rav  peak  profiles  are  then  tit  b\ 
least  squ. ues  to  a  Caussi.-:..  to  determine  On- 
position  of  the  x-ray  spot  within  the  detector  to 
10-40  microns.  Figure  6  is  a  close-up  view  oi  one 
of  the  outside  translating  stages,  taken  from  the 
far  "right"  of  the  iu-'rvnv!  ■  "die  <s  .< 

7.  «  cm  total  travel  am.  .;  '  ru  n  iep  size, 

leading  to  a  2  cm/ sec  slew  rate.  The  nature  of 
tiie  slits  used  to  determine  the  x-ray  spot  posi¬ 
tion  can  also  be  seen  in  Figure  6.  The  two  slits 
.re  at  90  degrees  to  one  another  and  each  is  at 
4*  degrees  with  respect  to  the  direction  of  stage 
travel.  This  arrangement  allows  the  X-Y  coordi¬ 
nates  of  the  x-ray  spot  within  the  detector  to  be 
uetermined  with  a  single  translational  motion. 

.“cans  are  performed  on  all  three  detectors 
simultaneously,  first  with  the  "upper"  slit,  then 
with  the  "lower."  Scan  times  vary  with  the  speed 
•md  accuracy  requirements.  The  counting  rates  art: 
typically  a  few  thousand  per  second  with  the 
counter  apertures  unobstructed,  and  several 
hundred  to  one  thousand  at  the  highest  point  in 
a  translator  scan.  These  rates  dictate  counting 
limes  in  the  range  of  IS  seconds  to  2  minutes  per 
si  an.  Keprodii*  ibi  1  i t y  in  the  measured  spot 
positions  varies  with  the  scan  times  and  the 
strength  of  the  x-rav  reflection  being  measured, 
but  ranges  i rom  40  microns  for  the  shorter  scans 
to  better  than  10  microns  for  longer  scans  of 
strong  reflection'..  Careful  choice  of  the 
particular  x-rav  ret  lections  used  is  thus  required, 
and  their  strength,  accessibility,  and  sensitivity 
to  the  orientation  angles  must  u  taken  into 
account,  a*  well  as  the  fact  th~‘  they  must  result 
in  an  unambiguous  initial  positioning  of  the  blank 
in  psi.  U  present  the  reflections  used  for  SC 
cl  .j  ar~  -.  [0,-1,  .  2,-1, -1],  and  [1,-2, -4]. 

has..*  j  ?  v  stem 

In  Figui <  3  the  laser  subsystem  source,  a 
7  mW  He/Ne  laser,  can  be  seen  mounted  just  to  the 
left  of  the  central  x-ray  detector  arch  support. 
H’th  the  laser  source  and  the  laser  detector  are 
inclined  at  13  degrees  from  horizontal  with 
respect  to  the  sample.  One  of  the  most  important 
criteria  in  the  choice  of  the  laser  was  low 
angular  .Jrift,  since  significant  drift  with 
.  u  i  itior.  in  the  ambient  temperature  was  observed 
wi:!i  tv,-  first  laser  tried.  The  laser  mounted  on 
tiu-  prototype  instrument  (Spectra -Phys ic<  Model 
;  V-i  j  jfied  at  less  than  0.02  mrud  t  ibout 

.  an  -se,  nils)  drift  and  in  practice  no  drift  ha-, 
beer,  observed.  The  beam  diameter  is  0.3  nm  and 
the  divergence  is  1.7  mrad. 

lb-  detector  for  the  reflected  laser  bear,  .an 
>c«  n  in  the  foreground  in  Figure  3  and  at  f  he 
far  left  in  Figure  3.  It  consists  of  a  lens 
system  t,  magnify  the  motion  of  the  reflected 
laser  beam,  a  bellows  to  decrease  the  amount  ot 
ambient  light  entering  the  system,  and  an  elec¬ 
tronics  package  consist ing  of  a  linear  position- 
sensitive  photodiode  mounted  with  the  position- 
sensitive  axis  vertical  and  circuitry  to  convert 
the  diode  output  into  a  voltage  proportional  to 
•>pot  position.  This  system  enables  the  position 
of  the  reflected  laser  beam  to  be  monitored  by 
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the  computer  in  real-time  during  the  initial  rota¬ 
tional  search  for  x-ray  reflections.  The  drawback 
of  such  a  system  is  that  the  detector  diode  inte¬ 
grates  the  intensity  over  its  entire  active  area, 
and  is  thus  susceptible  to  problems  caused  by 
scatter,  as  described  later. 

As  the  initial  search  for  x-ray  reflections 
proceeds  and  the  sample  is  rotated  360  degrees, 
the  reflected  laser  beam  traces  out  a  pattern 
which  i9  very  close  to  an  ellipse  for  small  devia¬ 
tion  of  the  normal  to  the  face  from  the  axis  of 
rotation,  as  shown  in  Figure  2.  The  vertical 
component  of  the  ellipse,  which  is  measured  by  the 
laser  detector,  in  the  ideal  case  traces  out  a 
sine  wave  when  plotted  against  rotator  position. 

The  amplitude  of  the  sine  wave  yields  the  magni¬ 
tude  of  crystal  tilt,  the  phase  yields  the  direc¬ 
tion  of  tilt,  and  the  DC  offset  yields  the  crystal 
height.  Over  the  course  of  the  real-time  laser 
data  acquisition,  up  to  300  individual  stage 
position  and  laser  spot  position  readings  are 
taken  and  stored.  The  current  method  of  analysis 
is  a  least-9quares  fit  of  the  data  to  a  sine  curve. 

Instrument  Alignment 

Although  the  measurements  are  made  relative 
to  a  reference  scandard  crystal,  the  high  degree 
of  accuracy  needed  requires  that  the  instrument 
he  very  accurately  aligned.  For  example,  a  0.1 
degree  rotation  of  the  translator  slits  within 
their  frame  is  sufficient  to  produce  a  10  arc- 
second  systematic  error  component  in  the  measured 
angles  of  cut. 

The  initial  assembly  and  alignment  of  the 
instrument  was  accomplished  with  the  use  of  an 
nutocol 1 imator  and  several  special-purpose  align¬ 
ment  fixtures.  The  equatorial  plane  of  the 
instrument  is  defined  by  the  plane  in  which  the 
> *ut side  x-ray  detectors  move  when  their  azimuth  is 
varied.  With  aid  of  the  autocol 1 imator ,  the 
rotating  stage  axis  was  made  normal  to  the 
equatorial  plane  within  0.1  minute.  The  meridional 
plane  of  the  instrument,  defined  by  the  inclination 
motion  of  the  central  Jo tor  tor,  and  the  20-degree 
incident  direction  of  the  x-ray  source  collimator 
were  also  established  to  within  a  traction  of  a 
minute.  Fiducial  marks  were  established  for  the 
x-ray  detector  motions  to  permit  placement  of 
angular  scales  for  direct  setting  and  readout  of 
the  detector  angles,  although  the  actual  detector 
positions  employed  for  measurement  of  each  tvpe  of 
..'it  will  eventual  !v  he  set  b\  means  of  locating 
pins. 

With  the  instrument  aligned,  it  became  possi¬ 
ble  for  the  first  time  tv'  et  the  x-ray  detectors 
t'*  i  onp  liter  —  predicted  positions  and  direct  lv  find 
the  reflections  sought,  without  the  tedious  proce¬ 
dure  of  t  i r  —  t  finding  the  reflections  on  film  and 
adjusting  the  detector  positions  accord ing 1 v . 

Control  Subsystem  and  Software 

The  control  subsystem,  shown  in  Figure  7,  is 
based  on  a  Digital  Fquipment  Corp.  I  SI-1  1/23 


microcomputer.  The  computer  is  interfaced  to  the 
instrument  through  a  CAMAC  crate,  which  is  a 
highly  flexible  standardized  digital  interfacing 
system.  The  CAMAC  crate  accepts  standardized 
plug-in  modules  which  in  this  case  include  four 
stepping-motor  controllers,  a  digital  I/C  port 
(for  control  of  the  x-ray  shutter,  etc.),  an  A/D 
convertor  for  the  laser  detector,  and  a  six- 
channel  scaler  which  counts  the  pulses  received 
by  the  x-ray  detectors.  Also  present  are  a  N1M 
bin  containing  the  high-voltage  power  supply  and 
pulse-height  discrimination  circuitry  for  the 
x-ray  detectors,  and  a  power  supply  for  the  x-ray 
shutter  and  stepping  motors.  The  computer 
peripherals  include  dual  floppy  disk  drives  and, 
shown  at  the  very  top,  a  5  Mbyte  hard-surface 
disk  drive.  The  hard  disk  is  present  for  develop¬ 
ment  purposes,  and  the  instrument  can  normally 
be  run  with  just  the  floppy  disk.  A  CRT  terminal 
for  operator  input  and  a  30-cps  keyboard/printer 
for  a  hard-copy  record  of  measurement  results  are 
also  shown. 

The  primary  function  of  the  control  subsystem 
software  is  to  perform  the  automatic  measurement 
sequence,  first  for  a  reference  standard  crystal, 
then  for  the  blanks  to  be  measured.  The  program 
outputs  a  hard-copy  record  of  the  measurement 
results  for  each  crystal,  and  keeps  track  of  the 
overall  measurement  statistics  for  each  batch  of 
crystals.  The  operator  is  prompted  when  an'- 
intervention,  such  as  mounting  the  next  blank,  is 
is  required. 

Since  we  are  dealing  with  low-level  signals 
compared  to  those  commonly  observed  in  conventional 
orientation  equipment,  and  we  require  very  high 
accuracy,  the  computer  is  essential  in  extracting 
as  much  information  from  the  signal  as  possible. 
Reference  has  already  been  made  above  to  the  areas 
where  1  east -squares  curve  fitting  techniques  are 
employed  to  extract  this  information.  Another  area 
where  statistically  weighted  1  east -squares 
techniques  are  used  to  achieve  the  optimal  result 
is  in  the  determination  of  crystal  orientation 
from  the  computed  diffraction  vectors.  I  he  set 
of  vectors  obtained  from  the  measured  blank  i - 
treated  as  a  rigid  body,  which  is  rotated  to 
achieve  the  best  match  tin  a  1  east -squares  sense* 
with  the  set  of  vectors  measured  f rom  the 
reference  standard  crystal.  The  three  rot.it  ion 
ingles  determined  from  this  procedure  correspond 
t>>  the  changes  in  the  angles  of  cut  (phi,  theta, 
and  psi)  between  the  measured  crystal  and  the 
reference  standard. 

Because  of  the  developmental  nature  ot  tin 
project,  a  great  deal  of  flexibility  bis  been 
designed  into  the  control  software.  Vir^t,  i’« 
scan  parameters,  count ing  times,  sampling  inlei- 
v.-ds,  and  machine  calibration  parameter *'  < -an  h 
the  exact  incident  v.-rav  beam  angle,  anc.lv  oi 
each  translator  axis  from  its  nominal  value,  etc) 
can  all  he  changed  without  anv  mod  i  f  icat  ion  »*• 
the  software.  This  permits  a  wide  variety  <•! 
scan  tvpos  and  conditions  to  be  investigated  in 
order  to  arrive  at  the  optimal  parameters.  Second, 
the  software  is  constructed  in  a  highly  modular 
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i  .ir.h  j.  »i> ,  '.lit  h  i.i.n  not  only  Liu*  fully  automated 
.  .e.isui ».  Mi'iit  sequence,  buL  also  any  individual 

•  : r  is  i.-M  within  the  automatic  sequence,  such  as 
:  ;n*  ii'i!  t .  1 1  search  fur  x-ray  ref  lect  ions ,  the 

f  •  i  -i.  p.tt  i  • -a  of  laser  scan  results,  the  perform- 
..  ■  .  .  *.  translator  scans,  etc.,  can  be  per- 

1 1 ’ i  "it  J.  i  i^su ir.j.  a  single  command.  This  feature 
,:ii  il  *.  rob*.  t  s  i  [,«,•  time  required  to  change  the 

ilit.n  o  or  optimize  the  results  from  any 
i  .  ivi  ;■  il  surv- yst  cm.  Third,  there  are  a  number 
i  si.,  available  to  access  the  instrument  at 
him-  level;  that  is,  to  drive  any  stage  to  a 
^  .•  i.-ti  position,  to  accumulate  x-ray  counts  for 
.  ..  .  ..  i;  ied  interval,  to  open  or  close  the  x-ray 
.  : :  :  v  i ‘  *  di  .  l-ourth,  the  program  is  capable  of 
i1’.  -  Mi:'  tiie  data  gathered  from  repeated  measure- 
■.*:.*  .  v  :  tin  • . . i me  ‘'lank,  relating  any  Inconsistent 
.  u  t  ■  possible  err.-rs  in  the  instrument  calibra- 
\  \  ,  avar.wi  er  >. .  ’.\hile  the  software  envisioned 

*  ’ r  i  production  instrument  would  require  only  a 
ii:*  .!■[  «'l  these  features,  they  have  proven  to  be 

i  uv  .  ‘  eahl  e  to  dale  in  the  development  of  the 


i'er  f  ormance 

Al  i  hough  the  development  is  not  complete, 

:■..!!  t  donated  measurements  have  been  made  on  a 
a  ,::.1  r-i  of  S'. -cat  blanks.  These  measurements 
.  «  r  a :  evaluation  of  the  individual  x-ray  and 
.  t x i  i  vi!-.;'..,ti-ns,  and  of  the  instrument  as  a 
vt!  !<•.  it.  those  cases  where  only  two  x-ray 

!  i  ns  were  used,  the  |0,-1,0)  and  (0,-1 ,  —  1  1 
!it|  i.ins  were  the  ones  measured. 

X_-  f  _S < u> system 

X-rav  subsystem  performance  was  evaluated  by 
repeated  measurements  of  the  same  blank  without 
a n  v  remount  inc  of  the  blank  in  between  measure- 
mt  f  l  .  \  number  of  blanks  was  tested  in  this 

tti.tiuur.  The  crystal  under  test  was  used  as  both 

*  he  ret  eron.vo  standard  and  the  blank  to  be  meas¬ 
ure!;  thus,  a  change  of  zero  in  theta  and  phi 
between  the  reference  crystal  and  the  test  crystal 

,  •  Trespond  t<»  a  perfect  measurement.  This 
\-ri  •  n  1  v  r*.  pr.’duc  i  h  i  1  i  tv  was  excellent,  with  the 
i  t'lai  ' ’ a  1  u* . *»  dependent  as  expet  ted  on  the 
.'  ii:vs.  The  values  were  computed  as 

f  ind ird  deviation  from  the  mean  over  a  series  of 
i :rem»-nt ‘usual  iv  between  JO  and  40),  and  are 
•  ’wr:  in  figure  M.  The  reproduc  ib i l  itv  ranged 
r  *■  IT  ar-  -seconds  i  r>  theta  and  phi  for 
*«■  1 1  j  •  i it  I  .  ••  ;u  i  ring  a  total  t  ime  of  1  .  7 

*  ■  i ;  •’  *.  s  wit : i  ..  v-rav  .ii  tectors,  n’  +  J  arc-seconds 

*  r  ie*  i-r-  in  it  i.»n  times  of  4  minutes  or  more  with 

'•  ■  »*.  t  r  .  hi  nee  each  measurement  was  begun 

wi:  .  i  i .  1 1  search  for  x-ray  reflections, 

1  ac  . •>’(..  within  each  series  covered  a 

;  :  ;■  • !  valuer,  tvpivallv  +  O.J'j  degrees. 

i  -  ?  ;  .  ■  •.  a  ir.  a  orientation  relative  to  the 

»■*■■■•'•■!  •  ic  ‘aits  t  lie  chance  in  psi  as  well  as 

i  ■  h!  i*id  thet  i,  and  we  know  the  positional 
•  i  •  .  *  ;  i  * ■  r  the  «■  tests,  wo  can  compare  the 

’  w  ;  *.  -  \'-'u  ■  ,vi  an  a  !  litional  indicator  of  x- 
:  c  !•>  a  ••  per  t  ■  «r  "..iivi1 .  The  agreement  is 

'  .  )  i!.  vi’tiin  ’iii-  si  vidard  deviation  in  psi, 
vh  i  ■*  the  v-wtr;  involved  is  about 


twice  that  of  phi  or  theta,  given  above.  The  x- 
ray  subsystem  results  thus  reflect  not  only  the 
reproducibility  of  the  translator  scans,  but  also 
the  overall  linearity  and  accuracy  of  the  x-ray 
subsystem.  Moreover,  a  full  set  of  laser  data 
was  recorded  for  each  of  these  measurements,  and 
a  new  mounting  error  correction  computed  and 
applied.  Thus,  these  values  also  reflect  the 
reproducibility  (but  not  the  accuracy)  of  the 
laser  subsystem. 

As  Figure  8  shows ,  the  x-ray  reproducibility 
depends  on  the  total  measurement  time,  as  expected 
from  counting  statistics.  The  relationship 
between  the  total  determination  time  shown  in 
Figure  8  and  the  x-ray  counting  times  in  determina¬ 
tion  of  the  x-rav  spot  positions  is  T  =  90  +  X, 
where  T  is  the  total  determination  lime  in  seconds 
and  X  is  the  total  x-ray  counting  Lime  in  seconds. 
The  90-second  overhead  includes  the  initial  search 
for  x-ray  reflections,  centering  the  reflections 
within  the  apertures  as  well  as  possible  with  the 
rotator,  establishment  of  scan  limits  for  the 
translator  scans,  and  computation  of  the  results. 
Since  the  algorithms  and  procedures  have  to  date 
been  optimized  for  accuracy  rather  than  speed, 
it  is  felt  that  this  overhead  can  be  reduced 
considerably;  e.g.,  by  more  than  half.  The  x-rav 
counting  times  on  the  other  hand  cannot  be  reduced 
without  ii  loss  of  accuracy,  although  location  of  a 
stronger  x-ray  source  or  use  of  additional 
detectors  would  enable  shorter  times  to  be  employed. 

The  x-ray  subsystem  reproducibility  of  J  arc- 
seconds  for  long  counting  times  is  excellent  and 
is  consistent  with  our  initial  goals.  It  indicates 
that  the  Laue  method  need  not  be  limited  to  coarse 
alignment,  but  is  suitable  for  high-prec ision  work 
as  well. 

Laser  Subsystem 

The  laser  subsystem  used  to  correct  for  small 
sample  mounting  errors  is  equally  as  important  as 
the  x-ray  subsystem  in  the  functioning  of  the 
instrument.  The  importance  of  correcting  for 
mounting  errors  of  this  sort  has  been  determined 
by  Vig,'  who  found  that  these  errors  lypieallv 
cause  1  arc-minute  variations  in  orientation 
measurements.  Our  results  are  very  similar,  with 
a  standard  deviation  from  the  mean  of  30  seconds 
to  1  minute  in  repeated  measurements  of  the 
orientation  of  the  face  of  a  blank  remounted  before 
each  measurement.  The  x-rav-onlv  reproduc ibi 1 i t v 
measurements  included  a  new  laser  measurement  in 
each  determination.  Since  the  blank  was  not 
remounted  in  between  measurements,  the  results  of 
these  tests  are  indicative  of  the  laser  subsystem 
reproducibility  (but  not  its  absolute  accuracy ' . 

This  reproduc ibi l itv  was  excellent,  with  a 
standard  deviation  from  the  mean  of  n . 3  arc-second 
in  the  orientation  of  the  face  and  of  2  morons 
in  the  height  of  the  blank,  for  series  of  10- JO 
measu remen t  s . 

Since  the  roprojtu  i b i 1 i t y  of  both  the  x-rav 
and  laser  subsystems  was  excellent,  good  results 
were  expected  tor  the  first  measurement*  in  vh i  i  L 
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the  same  blank  was  repeatedly  measured,  but  re¬ 
mounted  after  each  determination.  The  results 
were,  however,  considerably  worse  than  expected, 
with  standard  deviations  in  phi  and  theta  of  10-15 
arc-seconds  for  the  two-detector  case,  as  shown  in 
Figure  8.  After  further  experimentation,  the 
absolute  accuracy  of  the  laser  subsystem  was  the 
most  likely  source  of  error,  in  light  of  the 
following  considerations: 

The  reflected  laser  beam  was  not  clean.  It 
was  surrounded  by  scatter  which  was  readily 
observable  in  normal  room  light.  This  scat¬ 
ter,  or  speckle,  rotated  around  the  primary 
beam  as  the  crystal  was  rotated,  and  appeared 
non-uniform  enough  to  produce  problems  in 
determination  of  the  center  position  of  the 
primary  beam  (remembering  that  the  detector 
integrates  the  intensity  over  its  entire 
active  area) . 

Both  the  amount  of  scatter  visible,  and  the 
magnitude  of  the  errors  in  phi  and  theta, 
depended  on  the  surface  finish  of  the  blank. 
More  highly  polished  blanks  (3-micron  lapped, 
chemically  polished)  gave  better  performance 
than  less  highly  polished  blanks  (5-micron 
lapped).  For  the  roughest  blanks  tried 
(12.5-micron  lapped),  the  primary  reflected 
laser  beam  could  not  be  visually  or  elec¬ 
tronically  differentiated  from  the  speckle. 
Figure  9  is  a  plot  of  the  laser  data  for  a 
5-micron  lapped  blank,  along  with  the  best- 
fit  sine  curve.  The  deviations  from  the 
curve  caused  by  the  scatter  are  readily 
apparent . 

While  the  ability  to  accurately  measure  the 
change  in  psi  of  a  blank  with  the  x-ray  sub¬ 
system  indicated  a  high  degree  of  accuracy 
as  well  as  precision,  we  had  no  such  handle 
on  the  absolute  accuracy  of  the  laser  sub¬ 
system. 

These  considerations  Led  to  an  experiment 
designed  to  test  vhetuer  improvement  in  the  ratio 
of  the  primary  reflected  laser  beam  intensity  to 
that  of  the  speckle  would  improve  our  overall 
measurement  statistics.  Five  SC-cut  blanks  (5- 
micron  lapped)  were  subjected  to  deposition  of  a 
500  Angstrom  layer  of  aluminum  on  one  surface. 
Visual  inspection  of  the  laser  beam  reflected  from 
these  blanks  indicated  a  substantial  improvement 
in  the  primary  beam: scatter  ratio.  The  x-ray 
intensities  were  not  measurably  affected  by  the 
presence  of  the  aluminum  on  the  surface.  Repeated 
measurements  .»f  these  blanks,  dismounting  and 
remounting  the  blank  after  each  measurement  gave  a 
standard  deviation  from  the  mean  of  5  arc-seconds 
in  phi,  and  5  arc-seconds  in  theta,  for  determina¬ 
tion^  requiring  4  minutes  each  with  two  x-ray 
dete.  tors.  Figure  10  is  a  plot  similar  to  that  in 
figure  9  for  one  of  the  aluminized  blanks,  and  it 
■  in  :h*  seen  that  the  noise  in  the  curve  is 
I'Usiderahlv  reduced.  This  result  is  also  shown 
i:i  Figure  K. 

Mims,  while  the  precision  of  the  laser  sub- 
svstem  is  excellent,  its  absolute  accuracy 


is  urrently  the  limiting  factor  in  the  .  .  uracy 
of  the  Instrument,  contrary  to  expectations  at 
the  outset.  Unlike  the  x-ray  subsystem,  where  the 
performance  can  be  increased  with  longer  counting 
times,  the  laser  subsystem  performance  is  more 
rigidly  fixed.  Its  accuracy  currently  limits  the 
overall  accuracy  of  the  instrument  to  10-15  arc- 
seconds,  as  shown  in  Figure  8.  Since  the  initial 
writing,  focusing  optics  between  the  laser  source 
and  the  sample,  ang  a  lowering  of  the  incident 
laser  angle  to  7.5  have  reduced  these  overall 
standard  deviations  to  3-4  arc  seconds  in  phi  and 
theta  for  approximately  100  measurements  of  .550" 
diameter,  .05"  thick  SC-cut  plates  with  3-5  micron 
surface  finish,  requiring  2.5  minutes  time  per 
measurement . 


Conclusions 

The  results  obtained  to  date  suggest  that  the 
instrument  discussed  in  this  paper  can  provide 
automated  measurements  of  the  full  three-dimen¬ 
sional  orientation  required  for  doubly  rotated 
quartz  crystals  to  an  accuracy  and  at  a  throughput 
that  is  unmatched  by  any  other  current  system. 


This  study  has  demonstrated  that  it  is 
possible  to  obtain  very  high  accuracy  in  measure¬ 
ment  of  the  orientation  of  crystals  by  the  Laue 
method,  and  the  method  need  not  be  restricted  to 
low-precision  work.  The  prototype  instrument  is 
capable  of  3-4  arc-second  precision  on  blanks  with 
a  surface  finish  in  the  3-5  micron  range. 


The  instrument  is  very  versatile,  since  it 
can  be  readily  changed  by  repositioning  the  x-ray 
detectors  to  accommodate  different  types  of  cuts 
of  quartz,  or  even  other  crystalline  materials. 
Moreover,  measurements  are  made  automatically, 
enabling  the  instrument  to  be  integrated  with 
automatic  handling  equipment. 

Although  fully  suitable  for  measurement  of 
singly  rotated  cuts,  the  lower  x-ray  counting 
rates  obtained  with  the  J.aue  technique  compared 
to  monochromatic  techniques  leads  to  longer 
determination  times.  Hence,  the  throughput  of 
measured  crystals  is  lower  than  for  conventional 
x-ray  orientation  instruments  designed  for  single 
rotated  crystal  measurements.  Improvements  in 
throughput  for  this  instrument  would  result  from 
the  use  of  a  more  intense  x-ray  source  or  more 
x-ray  detectors. 
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CRYSTAL 

Figure  2  Concept  for  the  Laser  Portion  of  the  Measurement 

Apparatus,  Which  Corrects  for  Errors  in  Mounting  of 
the  Crystal  to  the  Rotating  Stage,  as  Described  in  the 

Text  LASER  SUBSYSTEM  CONCEPT 
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Figure  3.  Full  View  of  the  Prototype  Instrument 


Figure  4.  Closeup  of  the  Rotating  Stage.  Angle  of  View  is  About 
the  Same  as  in  Figure  3. 
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Figure  5.  View  of  the  Prototype  Instrument  from  X-Ray  Source 
Toward  Detectors.  The  Laser  Can  Be  Seen  Just  to  the 
Left  of  the  Central  Arch 


Figure  7.  Control  Subsystem  for  the  Prototype  Instrument,  with 
Computer,  Computer  Peripherals,  X-Ray  Counting 
Circuitry,  and  CAMAC  Digital  Control  Interface. 
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Figure  8.  Performance  of  the  Instrument.  The  Solid  Curve  Repre¬ 
sents  the  X  Ray-Only  Performance  with  2  X  Ray 
Detectors  for  Repeated  Measurements  of  a  Typical 
Blank  with  a  5  Micron  Surface  Finish.  Each  Point  on  the 
Curve  was  Computed  from  Between  20  and  65  Measure¬ 
ments.  The  Dashed  Curve  Represents  the  Improvement 
Obtained  When  All  Three  Detectors  Are  Used.  The 
Large  Rectangle  Represents  the  Results  When  Blanks 
With  3-5-Mieron  Surface  Finish  were  Remounted 
Between  Each  Measurement.  The  Triangle  Represents 
the  Results  for  Aluminized  Blanks. 
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Figure  9.  Laser  Detector  Data  for  a  Full  Rotation  of  an  SC-Cut 
Plate  with  5  Micron  Surface  Finish.  The  Best  Least 
Squares  Sine  Curve  Fit  to  the  Data  is  Also  Shown. 
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Figure  10.  Laser  Detector  Data  for  a  Full  Rotation  of  an 
Aluminized  SC  Cut  Plate.  The  Data  Follow  the 
Expected  Sine  Curve  to  a  Much  Greater  Degree  than 
the  Data  in  Figure  9. 
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Summary 

A  fully  automated  measurement  system  has 
been  developed  that  combines  manv  properties 
previously  realized  with  separate  techniques. 
This  system  is  an  extension  of  the  dual  mixer 
time  difference  technique,  and  maintains  its 
important  features.  zero  dead  time,  absolute 
phase  difference  measurement,  very  high  preci¬ 
sion,  the  ability  to  measure  oscillators  of 
equal  frequency  and  tne  ability  to  make  measure¬ 
ments  at  the  time  of  the  operator's  choice.  For 
one  set  of  design  parameters,  the  theoretical 
resolution  is  0.2  ps,  the  measurement  noise  is  2 
ps  rms  and  measurements  may  be  made  within  0.1  s 
of  any  selected  time.  The  dual  mixer  technique 
has  been  extended  by  adding  sca'ers  which  remove 
the  cycle  ambiguity  experienced  in  previous 
real ’zations.  In  this  respect,  the  system 
functions  like  a  divider  plus  clock,  storing  the 
epoch  of  each  device  under  test  in  hardware. 

V 

The  automation  is  based  on  ? the  ANSI/IEEE- 
58.3  (CAMAC)  interface  standard.  Each  measure¬ 
ment  channel  consists  of  a  mixer,  zero-crossing 
detector,  scaler  and  time  interval  counter. 
Four  channels  fit  in  a  double  width  CAMAC  module 
which  in  turn  is  installed  in  a  standard  CAMAC 
crate.  Controllers  are  available  to  interface 
with  a  wide  vaHotv  of  computers  as  well  as  any 
IEEE-488  compatible  device.  Iwo  systems  have 
been  in  operation  for  several  months.  One 
operates  24  hours  a  day.  taking  data  from  15 
clocks  for  the  NBS  time  scale,  and  the  other  is 
used  for  short  duration  'abo'-atory  experiments. 

Review  of  the  Dual  Mixer 
iTme  Difference  Technique 

It  is  advantageous  to  measure  time  directly 
rather  than  time  fluctuations,  frequency  or 
frequency  f  i  uctuationns.  These  measurements 
constitute  a  hierarchy  in  which  the  subsequently 
Hated  quantities  may  always  be  calculated  from 
the  previous  ones.  However,  the  reverse  is  not 
true  when  there  are  gaps  in  the  measurements. 
In  the  pas'  .  frequency  was  usually  not  derived 
from  time  leasurements  for  short  sample  times 
her  mse  t  i to  interval  measurements  could  not  be 
por'nrmeri  ,i*h  adequate  precision.  The  dual 


mixer  technique,  illustrated  in  Figure  1,  made 
it  possible  to  realize  the  precision  of  the  beat 
frequency  technique  in  time  interval  measure¬ 
ments. 

The  signals  Yrom  two  oscillators  (clocks)  are 
applied  to  two  ports  of  a  pair  of  double  balan¬ 
ced  mixers.  Another  signal  synthesized  from  one 
of  the  oscillators  is  applied  to  the  remaining 
two  ports  of  the  mixer  pair.  The  input  signals 
may  be  represented  in  the  usual  fashion 


vx(t) 


V10  sin  [2m>10t  +  (^(t)], 


V2(t)  =  V2Q  sin  [2n\>20t  +  <t>2(t)]  and 

Vt)  =  Vso  cos  [2^  +  $s(t)] 

where  v  =  u1Q(l-l/R)  and  R  is 
usually  called  tfte  heterodyne  factor. 


The  low  passed  outputs  of  the 


are 


a  constant 

two  mixers 


VB1  =  VB10  sin  tlVt)  and 

VB2  =  VB20  s’n  where 

4>(t)  =  2n\>ot  +  <j>(t). 

The  time  interval  counter  starts  at  time  t„  when 
Vn,  crosses  zero  in  the  positive  direction  and 
stops  at  time  tN,  the  time  of  the  very  next 
positive  zero  crossing  of  Vg„.  Thus 


'W  "  W  =  2Mn  and 
'W  '  W  =  2N)1  where 

N  and  M  are  integers. 

Subtracting  the  two  equations  in  order  to  com¬ 
pare  the  phases  of  oscillators  1  and  2,  one 
obtains 

W’W  =  VtN)-*s(tM)*2(N-M)n. 

The  phase  of  an  oscillator  at  time  t,,  may 
be  written  in  terms  of  its  phase  at  tM  and  its 
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average  frequency  over  the  Interval  t^  <  t^. 

<*>(tN)  =  <t>(tM)  +  2n[G(tM;tN)](tN*tM)  and 

when  we  apply  this  equation  to  both  4>.  and 
we  find  1 

W'W  =  2(N-M)tt 


-2n[«B2(tM;tN)](tN-tM) 


where  v„ 


Since  M  and  N  are  not  measureable  with  the 
equipment  in  Figure  1,  the  dual  mixer  technique 
has  heretofore  only  been  used  to  measure  the 
phase  difference  between  two  oscillators  modulo 
2n.  We  denote  the  period  of  the  time  interval 
counter  time  base  by  i  and  the  number  of  counts 
recorded  in  a  measurement  by  P.  Then  the  phase 
difference  between  the  two  oscillators  is  given 

by 

In  -  -2n[GB2(tM;tN)]TcP 

Figure  2  illustrates  the  output  of  the 
measurement  system  over  a  period  of  time.  If  a 
measurement  begins  and  ends  without  the  time 
interval  counter  making  a  transition  between 
zero  and  its  maximum  value,  e.g.,  t  <  t„  <  t,,  < 
t.  ,  then  the  phase  difference  can  Be  calculated 
from  the  data.  If  t  <  t„  <  t.  <  tN  <  t  ,  then 
the  data  must  be  co?rect£d  by0  In  to  calculate 
the  phase  difference.  Experience  has  shown  that 
there  are  many  measurement  situations  for  which 
the  number  of  transitions  of  the  time  interval 
counter  which  occur  between  t„  and  tN  cannot  be 
known.  For  this  reason,  a  modification  has  been 
developed  which  removes  the  ambiguity  by  measur¬ 
ing  M  and  N. 

Extended  Dual  Mixer  Time 
Difference  Measurement  Technique 

In  order  to  configure  the  system  to  acquire 
complete  phase  information,  two  scalers  are 
added  to  count  the  zero  crossings  of  each  mixer. 
Figure  3  is  the  block  diagram  of  a  two  channel 
system.  It  is  constructed  from  identical  cir¬ 
cuit  modules  and  therefore  contains  an  unused 
time  interval  counter.  However,  this  design 
permits  very  straightforward  and  inexpensive 
extension  to  the  comparison  of  an  arbitrarily 
large  number  of  oscillators  with  no  need  for 
switching  any  signals. 

The  counter  outputs  are  combined  to  form 
the  phase  difference  between  oscillators. 

W‘W  =  2<VM0)n  4 

-2"['iB2(tM;tN)3TcP 

The  first  term  is  a  constant  which  represents 
the  choice  of  the  time  origin  and  can  be  ig¬ 
nored.  The  last  two  terms  and  their  sum  are 
plotted  in  Figure  4. 


The  average  ..eat  frequency  (tw;0 
cannot  be  known  exactly.  However,  Brt  may  Be 
estimated  with  sufficient  precision  from  the 
previous  pair  of  measurements  designated  1  and 
".  The  average  frequency  is  approximately 

vB2(y.tN)  £  (N"-N')/[R(M"-M')A>10  ♦  tc(P"-P')] 


provided  that  it  changes  sufficiently  slowly 
compared  to  the  interval  t„<tN.  A  typical  value 
for  this  error  will  be  given  in  the  following 
section. 

Hardware  Implementation 

All  measurement  channels  consist  of  a 
mixer,  zero-crossing  detector,  scaler  and  time 
interval  counter.  Four  such  circuits  can  be 
built  in  a  double  width  CAMAC  module.  The 
system  is  easily  expanded  to  compare  many  oscil¬ 
lators  and  a  complete  system  for  making  phase 
comparisons  among  four  clocks  is  shown  in  Figure 
5.  We  have  chosen  parameters  which  are  reason¬ 
able  for  comparing  state-of-the-art  atomic  stan¬ 
dards.  Thus,  the  synthesizer  is  offset  10Hz 
below  oscillator  #  1  and  R  =  5  x  10  .  The 
outputs  from  both  mixers  are  approximately  10Hz. 
The  noise  bandwidth  is  100  Hz.  The  time  inter¬ 
val  counter  is  twice  the  frequency  of  oscillator 
#1  or  approximately-  10  MHz.  The  quantization 
error  is  1/2R  =  10  b  cycle  or  0.2ps  which  is  a 
factor  of  ten  smaller  than  the  measurement 
noise.  As  stated  earlier,  an  error  will  result 
from  frequency  changes  which  violate  the  con¬ 
stancy  assumption  u^ed  to  estimate  v  g0.  A 
change  in  by  10  1  during  the  interval  be¬ 

tween  two  irreasurements  will  result  in  a  time 
deviation  error  of  lOps.  Thus,  one  must  make 
more  closely  spaced  measurements  for  oscillators 
which  have  large  dynamic  frequency  Changes  than 
for  more  stable  devices.  Two  other  sources  of 
inaccuracy  are  the  sensitivities  to  the  ampli¬ 
tude  and  phase  of  the  common  oscillator.  Figure 
6  shows  the  measured  value  of  x  =  0/2n\>  as  a 
function  of  the  amplitude  of  the  input  signal 
and  the  phase  of  the  synthes i ze>\ 

The  new  measurement  system  has  many  desir¬ 
able  features  and  properties: 

(1)  It  has  very  high  resolution,  limited  by  the 
internal  counters  to  0.2  ps  and  by  noise  to 
approximately  2  ps. 

(2)  It  has  much  lower  noise  than  divider  based 
measurement  systems.  However  compromises 
made  to  achieve  low  cost,  low  power,  small 
size  and  automatic  operation  degrade  the 
performance  compared  to  state-of-the-art 
systems  for  comparing  2  oscillators. 

(3)  The  operation  is  fully  automatic. 

(4)  NBS  has  developed  a  detailed  operating 
manual  for  the  equipment  and  software. 


(5)  Ail  obcillaLurs  in  the  range  uf  5  MHz  1  5 

Hz  may  he  compared.  Other  carrier  frequen¬ 
cies  such  as  1  MHz,  5.115  MHz,  10  MH2  and 
1 U .  If J  MHz  are  also  usahle.  However,  dif¬ 
ferent  carrier  frequencies  may  not  be  mixed 
on  the  same  system.  The  system  has  been 
successfully  tested  with  an  oscillator  off¬ 
set  4.6  Hz  from  nominal  5MHz.  Measurements 
were  made  at  intervals  of  2  hours  between 
which  the  system  had  to  accumulate  approx¬ 
imately  2  x  10  n.  The  system  has  also  be^n 
tested  with  an  oscillator  offset  4  x  10  , 

and  no  errors  were  detected  during  a  period 
of  40  days. 

(6)  All  sampling  times  in  the  range  of  1  second 
to  16  aays  with  a  resolution  of  0.1  second 
are  possible.  Measurements  may  be  made  on 
command  or  in  a  preprogrammed  sequence. 

(7)  Measurements  are  synchronized  precisely, 
i.e.  at  the  picosecond  level,  with  the 
reference  clock.  They  may  therefore  be 
synchronized  with  important  user  system 
events,  such  as  the  switching  times  of  a 
FbK  or  PSK.  system. 

(8)  All  oscillators  are  compared  synchronously 

and  all  measurements  are  performed  within  a 
maximum  interval  of  0.  1  second.  As  a  re¬ 
sult,  the  phase  of  any  oscillator  needs  to 
be  interpolated  to  the  chosen  measurement 
time  for  an  interval  of  0.1  second  maximum. 
This  capability,  wh;ch  is  not  present  in 
either  single  heterodyne  measurement  sy¬ 
stems  or  switched  measurement  systems 
eliminates  a  source  of  "measurement'1  error 
which  is  generally  much  larger  than  the 
noise  induced  errors.  For  example,  inter¬ 
polation  of  the  phase  gf  a  high  performance 
Cs  clock  (<f  10  ^/t2)  over  a  period  of  3 

hours  woul <y  produce  approximately  1.5  ns 
phase  uncertainty.  To  maintain  4  ps  accur¬ 
acy  requires  measurements  simultaneous  to 
0.1s. 

(9)  There  are  no  phase  errors  due  to  the  swit¬ 
ching  of  rf  signals  since  there  is  no 
switching  anywhere  in  the  analog  measure¬ 
ment  system. 

(10)  No  appreciable  phase  errors  are  introduced 
when  it  is  necessary  to  change  the  refer¬ 
ence  clock  since,  as  shown  in  Figure  6.  the 
peak  error  due  to  chanqes  in  synthesizer 
phase  is  20  os. 

(11)  The  measurement  system  is  capable  of  mea¬ 
suring  its  own  phase  noise  when  the  same 
signal  is  applied  to  two  input  ports. 
Figure  7  shows  the  phase  deviations  between 
two  such  channels  nver  a  period  of  75,000 
seconds  and  F inure  8  is  ihe  corresponding 
Allan  variance  plot.  figure  9  shows  the 
phase  deviations  between  2  input  channels 
over  a  period  of  40  dav  . 

(  I?)  Sincp  the  IEEE-583  (!AMAC)  interface  stan¬ 
dard  has  been  fol'owel  *ur  al1  the  custom 


hard.,  sre,  the  system  may  be  easily  inter¬ 
faced  to  almost  any  insti ament  controller. 
NBS  has  already  tested  the  system  using  a 
large  minicomputer,  a  small  minicomputer 
and  a  desk  top  calculator.  Interfaces 
between  IEEE-583  and  IELI-488  r intro! 1 ers 
are  available  and  have  been  used  success¬ 
ful  ly. 

(13)  The  system  is  capable  of  camparing  a  very 
large  number  of  oscillators  at  a  reasonable 
cost  per  device. 

There  are  also  disadvantages  to  this  mea¬ 
surement  system.  The  most  important  are: 

(1)  The  complexity  of  the  hardwaie  is  greater 
than  for  some  systems.  It  is  possible 
that  this  will  reduce  reliability. 

(2)  A  high  level  of  redundancy  is  difficult  to 
achieve.  The  system  design  stresses  size, 
power,  convenience  and  cost,  resulting  in 
an  increase  in  the  number  of  possible 
single  point  failure  mechanisms  compared  to 
some  other  techniques.  For  example,  a 
CAMAC  power  supply  failure  will  result  in  a 
loss  of  data  for  all  devices  being  measured. 

(3)  A  substantial  committment  is  required  in 
both  specialized  hardware  and  software. 

(4)  If  an  oscillator  under  test  experiences  a 
phase  jump  which  exceeds  1  cycle,  the 
measurement  system  records  a  jump  with 
incorrect  absolute  magnitude.  As  a  result, 
it  may  not  be  applicable  to  signals  which 
are  frequency  modulated  with  discontinuous 
phase  steps  larger  than  2n. 

Conclusions 

We  have  demonstrated  a  new  phase  measure¬ 
ment  system  with  very  desirable  properties:  All 
oscillators  in  the  range  of  5MHz  ±  5Hz  may  be 
measured  directly.  The  sampling  times  are  only 
restricted  by  the  requirement  that  they  exceed 
one.^econd.  The  noise  floor  is  o  (2,0  =  3  x 
IO’^Vt  in  short  term  and  the  tin*  deviations 
are  less  than  100  ps.  All  circuitry  is  designed 
as  modules  which  allows  expansion  at  modest 
cost.  Compatibility  with  a  variety  of  computers 
is  insured  through  the  use  of  the  IEEE-583 
interface  and  adapters  are  available  to  permit 
use  with  an  IEEE-488  controller.  The  system 
makes  it  feasible  to  make  completely  automated 
phase  measurements  at  predetermined  times  on 
large  numbers  of  atomic  clocks.  It's  own  noise 
is  nne-hundred  times  less  than  the  state-of-the- 
art  in  clock  performance.  It  will  be  used  in 
the  near  future  to  make  all  measurement  needed 
to  compute  NBS  atomic  time,  but  it  will  also  be 
very  valuable  for  any  laboratory  which  uses 
three  or  more  atomic  clocks. 
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Figure  1.  Dual  Mixer  Time  Difference  Measurement  System 
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Figure  3.  Extended  Dual  Mixer  Time  Difference  Measurement 
System 
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Figure  4  Extended  Dual  Mixer  Data 
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Figure  5.  System  Block  Diagram 
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Figure  6.  Measured  Time  Difference  vs  Input  Amplitude  and 
Synthesizer  Phase 
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Same  Source 


Figure  8.  Noise  Floor  of  Measurement  System 
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Abstract 


This  paper  presents  the  concept  and  operating 
principles  of  a  phase  modulated,  frequency-domain 
reflectometer  system  for  accurate  and  precise 
measurements  of  the  resonant  frequency  characteris¬ 
tics  of  quartz  crystals.  The  reflectometer  method 
enables  the  crystal  resonator  under  test  to  be 
remotely  located  in  an  environmental  test  chamber; 
furthermore,  the  system  permits  simultaneous, 
i ndenendent  frenuency  measurements  of  the  various 
resonant  modes  that  can  occur  in  any  given  crystal 
the  b-mode  and  c-mode  resonances  in  SC-cut 
crystals'!.  This  reflectometer  technique  has  major 
applicability  in  basic  resonator  research:  in 
investigations  of  frequency-temperature  character¬ 
istics;  hysteresis  and  thermal  shock  effects; 
amplitude-frequency  factor  and  multimode  excitation 
behavior;  effects  of  nuclear  radiation;  etc.  The 
instrumentation  also  has  applications  in  crystal 
manufacturing  processes  involving  automated 
production,  testing,  and  quality  control. 

Introduction 


A  new  technique  for  accurate  measurement  '  f 
the  resonant,  freouency  characteristics  of  precision 
~unrt7  crystals  is  presented.  An  external,  inde¬ 
pendent,  oscillator  generates  a  carrier  frequency 
in  the  vicinity  of  the  nnticinated  resonant  fre¬ 
quency  of  the  crystal  under  test.  A  small  phase 
modulation  is  applied  and  the  resultant  phase 
modulated  signal  is  used  to  interrogate  the  crystal 
resonator.  An  error  si'n.al,  derived  from  the 
re'lectrd  resonator  signal,  is  used  to  servo 
control  the  oscillator,  thereby  providing  a  means 
or  automatic  tracking  of  changes  in  resonator 
■ reouency. 


All  tests  t.o  date  indicate  that  this  phase 
-adulated  reflectometer  technique  for  measuring  the 
resonant,  frequency  of  quartz, crystals  yields  V. 
-•cnsitivit.y  (to  i  part  in  10'  or  better)  and  cx- 
celle  .t  long— term,  stability  and  repeatability. 


Tie  resonator  under  t.pst,  may  be  remotely 
located  away  from  the  balance  of  the  instrumenta¬ 
tion..  A  single  interconnecting  coa.xi  used 

toint.ly  for  the  incident  and  reflected  signals  from 
t 1 e  resonator,  is  adequate.  The  resonator  units 
under  test  may  therefore  be  temperature  cycled 


within  a  remote  environmental  chamber  while  the 
rest  of  the  instrumentation  is  operated  in  a 
favorable  laboratory  environment.  Reliable  measure¬ 
ments  may  be  obtained  in  the  presence  of  wide 
variations  in  the  resonator's  resistance  (in 
response,  for  example,  to  extremely  high  tempera¬ 
tures  ). 

The  phase  modulated  reflectometer  technique 
described  here  also  enables  simultaneous,  indepen¬ 
dent  measurements  of  the  various  resonant,  nodes 
that  can  occur  naturally  in  a  single  crystal.  As 
an  example,  the  system  could  be  used  to  interro¬ 
gate  concurrently  the  fundamental,  third,  and 
fifth  overtone  modes  of  boll  the  c-mode  and  b-mode 
freauencies  of  an  SC-cut  crystal  (a  total  of  six 
separate  resonances);  these  individual  measure¬ 
ments,  with  no  significant  interaction  between 
channels,  could  be  made  with  any  reasonable  le.n-th 
of  coaxial  transmission  line  interconnecting  the 
crystal  resonator  to  the  instrumentation. 


Historical  Background 


In  lc80  Tracor  engineer  initiated  an  in- 
house  .T&C  investigation  to  determine  the  ;erfcrm- 
n.nce  pot  ■■  I  -*N  f  -  v  •  Vv  compensated  crys¬ 
tal  oscillator  (BCXO)  for  clock  use  in  a  spread 
spectrum  communications  system.  The  objective  of 
the  program  was  an  ovenless  oscillator  having  ar. 
absolute  accuracy  of  i  1  nillisec/day  over  the 
full  military  range  of  -f^°C  to  +Gi°C;  this  timing 
accuracy  reughly  corresponds  to  an  average  fre¬ 
quency  error  of  -  1  part  in  10  . 


Fig.  1  shows  a  plot  of  the  measured  frequency- 
temperature  performance,  over  a  limited  tempera*  m 
range,  of  the  experimental  ECXC  developed  in  ‘ha* 
program.  Temperature  compensat ion  of  t.ue  c-r.odc 
"clock"  frequency  of  the  doubly— rotated  SC— cu* 
crystal  was  obtained  by  using  the  accompany;  • 
b-node  frequency  as  a  highly  sensitive  quart:- 
"thermometer";  the  b-mode  frequency  has  -  tempera¬ 
ture  coefficient  of  approximately  rnr/1""  over 
a  vide  temperature  region..  The  measured  i— mode 
frequen.cy  is  thus  employed,  to-e*  her  with,  r  simple 
microprocessor,  t.o  select  an  appropriate  digital 
compensation  value  from  a  stored  ritCT  table. 
the  1X1X0  concept,  nc  attempt  is  madp  to  "pull"  tic 
frequency  cf  the  c-i.:ode  oscillator  to  the  corrcc* 
clock  frequency;  instead,  pharcAimc  correct.! c-.r 
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'  i  !  ■'  r  •>-.  i!j n.cy  d:vic*  r  r>t.aqe 

n.::r>  A  t!*  ■  1 3  In  tor.  This  .XXO  approach 

”*•  r  i *•  r  -  ul.t  c Loe'.:  4 iT.e— keeriiv*  accuracy 

f:.at  : -A  I » • ; : ^  1  -fold  letter  than  that,  possible 
’■•it;-.  -  Cvi  o:;a i  X'V  (in  which  "internal" 

V‘  t  lo:.  ni  t!:e  oscillator  is  oL— 

*  n  ■  :t  :i  r..< o!’  *■  ”.nj\*tC*or).  The  dntn  shorn  in 

*  :  •.  *.  .r.-.j, timin*  error  of  perhaps 

-  ..  •:  ill  i  r  •  w‘c-..d  aver  •  .'.A  hour  test  run;  terr.ne  ra¬ 
ti!  r*  o-'!;  ;  0‘M  r  t  he  rnr.re  -"*°C  to  -r'--°C  was  p  r- 

*  or d  t :  r«  ■  -  *• ;  *■  <-;:c  h  dap . 

7: o.  -Mjert  iou  was  raised  whether  ti.r  observed 
n  ridir-l  errors,  nlt!.:r.:’h  admittedly  small,  were  due 
to  fhe  -uartr  resonator  itself,  to  the  associated 
oscillator  circuit,  or  to  the  creel  fic  c ornate i.sntior. 
tc  'lie  used  i.u  tht*  IT:**:.  A  follow-up  pro ’ram  was 
thrroror“  iu.itiat.ed,  u.*der  Air  Tore?  do:. tract 
!  :  with  "a: xU: to  coil  out  data  o.-. 

the  cohnvior  and  :  utorrela4  iouship  cf  the  dual 
b-r.ode  a  ad  e-nock-  freoutue :  cs  of  X-cut  crp/ stain 
under  varyi...  coudit.ioi'.c  of  temperature,  power  arv- 
*'15  cation,  a*ui  time  (nri:v);  r.oi/ever ,  pi:?  table 
measuri::'*  instrune.-.tation  war  recor.uired  bo 
r'rerc"i:iri*e  to  4 he  plagued  dot*'  collect. ou  rro- 
•*ram. 

I  uat.riur.rntKit;  or.  hcouirerH  ntf 

Certain  fuuctic.ual  reuuirrr.f.rtr  a:vi  perlcm- 
ar.ee  caracili t ion  for  the  rrnr.urt:.’  system  were 
established : 

1.  Capability  for  the  test  resonators  to  be 
remotely  located  _n  a  controlled  environm.ental 
chamber  'with  balance  of  the  instrumentation 
opera* in*  under  normal  laboratory  conditions}* 

f .  Simultaneous  measurements  of  c-mode  and 
b— mode  fr< nucucios. 

s.  Absolute  frequency  accuracy:  i  i  x  1J-®. 

Resolution  'precision:  U*  1 

'.  Ir.d*  sier.rfer.t  no  iustmes.t  cf  l— node  and 
c-mode  crystal  excitation  levels  ieaeh  vnriablr 
from  frost i cr.n  .  -icrcwa* t  to  nnr.y  milliwatts). 

t  .  '.id<  fr>-nueucy  ra: .re  (e.--. ,  adaptable  to 

r',  '  ,  and  IP. 23  "Hz  crystals;  also,  sufficient 
dynamic  ranee  »o  handle  fc-mode  freque.uey-tempera- 
*  r»-  den.T  den.ee  ^ . 

■* ,  An toma  ♦. cd  da4  a  1  o . * . • 

.  C: ^li  -.ument  and  calibration  pro- 


rrenuer.cy  D^vykn  Re  flee  tone  ter 
basic  Concept 

in  a  traditional  apnroach,  the  crystal  is 
simply  placed  in  an  oscillator  circuit  and  the 
result  a  rA  outnu*  f  rentier,  cy  is  accurately  measured. 
Mnrortnnn4''ly,  other  circuit  components  in  the 
active  fe;-diac-:  type  of  oscillator  can  influence 
aid  perturb  the  output  frequency*  Accordingly,  the 
active  approver  is  not  really  suitable  foT'  the 
determ; .uati  ou  r. r  ,vir,r  or  hysteresis  characteristics 
p*’  tre  resonator  it.nel f.  none  other  method  must  be 
u  * i 1 i 7 ed . 

A  ‘  * •  r  review  ~>i  *t » r .  a  '.  t»rua4ive  ueacure- 
*  -»**■  .  '  •'■r4em  -'"pi oy u  •  fren  ; r  :.ry  domain 


reflectometer  was  selected,  hi,'-.  2  snows  the 
basic  reflectometer  concept.  The  quartz  resonator 
under  test  is  interrogated  by  a  tunable  freouency 
signal.  The  sipnal  reflected  from  the  resonator 
is  displayed  on  an  oscilloscope  or  voltmeter.  A 
minimum  (or  .’lull  under  special  conditions)  will  be 
observed  as  the  tunable  oscillator  passes  through 
the  resonant  frequency  ot  the  test,  crystal. 

It  will  be  rioted  that  a  directional  coupler 
(a  four- port  hybrid  bridre)  is  used  for  input 
couplir.'  the  tunable  oscillator  to  the  resonator 
and  for  output  ccuniir.r  of  the  reflected  sipnal  to 
the  oscilloscope.  The  resistor  is.  provides  proper 
termination  for  the  hybrid  bridge-:  if  the  resona¬ 
tor  is  remotely  located  at.  the  end  of  a  loop  co¬ 
axial  cable,  R.,  should  be  selected  to  natch  the 
cable  impedance;  if  no  cable  is  required.  car. 
be  selected  to  match  the  nominal  value  cf  the  crys¬ 
tal's  equivalent  series  resistance  (ESR). 

This  rudimentary  reflectometer,  using  an  un¬ 
modulated  carrier  si-.nal,  possesses  several 
deficiencies:  lack  of  polarity  sensin'-  for  the 
sim  of  the  frequency  error,  and  a  relatively  low 
sensitivity  (a  broad  minimum)  if  R,,  does  not  pro¬ 
vide  2  <-ood  match  to  the  crystal's'’ resistive 
component. 

Phase  Modulated  Reflectometer 

Fip.  1  shows  a  simplified  block  diarram  of  a 
phase  modulation  scheme  for  overijom.ir-.r  these  limita¬ 
tions  of  a  simple  reflectometer.  An  external, 
independent  RF  oscillator  rer.erates  a  carrier  fre¬ 
quency,  f  ,  in  the  vicinity  of  the  anticipated 
crystal  resonant  freouency,  f_.  A  small  phase 
modulation,  -  /2  is  applied,  and  the  resul¬ 

tant.  phase  modulated  signal  is  used  to  interrogate 
the  resonator  under  test.  The  reflected  signal 
from  the  crystal  resonator,  after  oassi.ng  through 
an.  isolation  amplifier  (not  shown),  is  amplitude 
detected  by  a  diode.  An  amplitude  modulation,  at 
the  modulation  oscillator  frequency  rate,  will  be 
observed  in.  the  detector  output,  whenever  the  carrier 
freouency  differs  from  the  resonant  frequency,  fr, 
of  the  quartz  resonator.  The  sense  and  magnitude  of 
this  amplitude  modulation  depends  uron  He  freouency 
deviation  of  ‘lie  external  oscillator  from  the  center 
of  crystal  resonance.  A  *>hase  sensitive  demodulator 
can.  therefore  be  used  to  orovide  a  d-c  error  sirnal 
proportional  to  the  frequency  offset  cf  the  external 
oscillator.  This  error  signal,  after  loop  filter¬ 
in'-,  is  used  to  servo  control  the  oscillator, 
thereby  enablin'-  automatic  tracking  of  -  he  crystal  ’  r 
rescnn.ot  frcric;  cy  in.  response  to  chances  in  crys¬ 
tal  temperature,  input  rotter  level,  etc. 

A  high  resolution  counter,  preferably  under  micro¬ 
processor  control  and  with  a  digital  output  for 
automatic  data  loggi.-ir  purposes,  car.  be  used  for 
renruremen,  f  the  locked  oscillator  frequency. 

done  understanding  of  ti-.e  operating  principles 
of  the  modulated  system  car.  perhaps  be  obtained  fro' 
the  vector  d-a-rams  of  Fip.  1.  i -  ard  il -  rerresen* 
the  successive  vectors  associated  with  tfie  incident 
rict.nl  nr.  the  result  of  the  square  wave  phase  modu¬ 
lation  process;  3j ,  Sp  and  C  represent  the  equiva- 
1'.:*  '•idobe.nds  and  currier  comnone-its  for  ‘b.ir 
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phase  modulated  signal.  The  corresponding  reflect¬ 
ed  components  are  shown  on  the  right.  The  crystal 
resonator  unit  appears  as  a  very  high  impedance 
(highly  reactive)  fo:  all  frequency  components  even 
slightly  removed  from  resonance;  accordingly,  the 
reflected  sideband  components,  S'q  and  S'j,  are 
virtually  equal  to  the  incident  components,  S}  and 
S2,  and  maintain  the  same  180°  relationship  to 
each  other.  It  is  the  carrier  component  that 
changes  in  magnitude  and  phase  as  the  crystal 
resonant  freouency  is  aoproached.  At  resonance, 
there  is  likely  to  be  a  residual  reflected  compo¬ 
nent,  C'  (as  the  result  of  any  nominal  mismatch 
between  the  ESR  of  the  crystal  and  the  hybrid 
termination  resistance  Ryj.  However,  this  C 
component  (at  resonance)  is  orthogonal  to  the 
sideband  component  vectors  so  that  the  resultant 
vectors,  R'  ^  and  R'2,  are  equal  in  magnitude. 

Away  from  resonance,  the  reflected  carrier  com- 
r>c  t  frl''  or  C")  increases  in  magnitude  and 
undergoes  a  large  phase  shift;  accordingly,  the 
two  vectors,  R’ j  and  R'2,  are  no  longer  equal  in 
magnitude  and,  conseouer.tly,  an  error  signal  is 
generated  in  the  synchronous  demodulation  process. 

This  phase  modulated  reflectometer  technique 
can  be  extended  to  multimode  measurements  (e.g. , 
simultaneous  measurement  of  b-mode  and  c-mode 
resonant  frenuencies  of  SC-cut  crystals)  by  the 
addition  of  the  components  shown  in  Fig.  5.  In¬ 
dependent  operation  at  b-mode  and  c-mode  frequen¬ 
cies  simply  requires  the  use  of  separate  modula¬ 
tion  frenuencies,  fmi  and  chosen  so  they  have 

no  harmonic  relationship. 

Experimental  Results 

Recent  tests  on  the  dual  mode  reflectometer 
(Fig.  f)  indicate  that  the  system  satisfies  all 
of  the  sDecifications  listed  under  Instrumentation 
Requirements. 

The  oscilloscope  photographs  of  Fig.  6  illus¬ 
trate  the  sensitivity  inherent  within  the  phase 
modulated  reflectometer  technique.  Each  photo 
shows  the  raw  reflected  r-f  sirnal  (prior  to  the 
divl.  detector)  for  the  c-mode  sirnal  of  a  5  KHz 
SC-cut  resonator;  the  phase  modulation  comprised 
»  ‘  !•:!'*  square  wave  signal  modulating  the  r-f 
carrier  signal  by  approximately  i  IF  .  The  upper 
"Koto  : '  the  reflected  signal  at  resonance. 

The  middle  and  lower  photo  show  the  effect  of 
deliberately  offset.*  in-  t!  .  o  •  lllator  fjom  the 
crystal'^  resonant  frequency  by  tl  x  10  -  and 

x  10"  ,  respectively.  A  large  amplitude  at  tne 
moauiation  irequency  is  cieariy  evident. 

me  effect  oi  varying  tne  modulation  fre¬ 
quency  anu  tne  magnitude  oi  tne  pnaae  angle  nas 
also  been  explored.  For  modulation  frequencies 
rarginr  from  30  Hz  to  more  than  3  kHz,  the  ob¬ 
served  change  in  apparent  resonant  frequency  was 
less  than  1  I,  x  10“l0.  Similarly,  for  values  of 
ranging  from  approximately  £  1.5°  to 
-  IF,  the  deviation  in  measured  resonant  fre¬ 
quency  was  less  than  *  F  x  10” 9  (this  test  was  not 
performed  under  ideal  conditions  so  that  actual 
performance  may  be  better  than  this  value).  In 
summary,  the  instrumentation  appears  to  be  nearly 


independent  of  the  particular  modulation  frequency 
and  phase  angle  offset  that  is  employed. 

The  measured  resonant  frequency  will  be 
perturbed  by  any  residual  second  harmonic  com¬ 
ponent  in  the  phase  modulation.  Such  a  component 
would  exist  if  the  square  wave  modulation  did  not 
have  a  precise  50^  duty  cycle;  however,  by  con¬ 
ventional  digital  division  techniques,  it  is  pos¬ 
sible  to  obtain  a  highly  accurate  1:1  ratio  in 
the  switched  phase  modulated  signal. 

The  length  of  the  interconnecting  cable  be¬ 
tween  the  quartz  resonator  and  the  balance  of  the 
instrumentaion  does  not  materially  influence  the 
measured  resonance  frequency  if  the  hybrid  bridge 
is  properly  terminated  to  match  the  cable  imped¬ 
ance.  An  ideal,  non-dispersive  cable  would  affect 
the  carrier  and  sideband  frequency  components  in 
an  identical  manner,  thereby  producing  no  change 
in  the  relative  magnitude  or  phase  of  the  detected 
vector  components.  Furthermore,  for  moderate 
lengths  of  commonly  available  transmission  cables, 
the  dispersion  effect  is  quite  small  and  can 
generally  be  neglected.  This  has  been  confirmed 
in  simple  tests  wherein  an  additional  FO  feet  of 
RG-F8/CU  cable  has  been  inserted  between  the 
resonator  and  the  reflectomgter  bridge;  a  devia¬ 
tion  of  less  than  £  F  x  10_/  has  been  observed, 
and  without  using  extreme  care  in  adjusting  the 
hybrid  termination. 

Application  Areas 

It  is  believed  that  the  frequency  domain 
reflectometer  outlined  here  will  facilitate  fre¬ 
quency  measurements  of  quartz  resonators  tha* 
would  otherwise  be  expensive  and  difficult  to  per¬ 
form  by  self-oscillator,  vector  voltmeter,  imped¬ 
ance  bridge,  t T  network,  or  other  methods.  It 
can  therefore  have  important  application  in  basic 
investigations  of  resonator  behavior,  includinr: 
frequency-temperature  dependence  (static);  effects 
of  thermal  shock;  hysteresis  and  "retrace";  acinr 
phenomena;  direct  and  indirect  amplitude-frequency 
effects;  multimode  excitation  behavior;  activity 
dips  and  bandbreaks;  radiation  and  extreme  environ¬ 
ment  effects;  and  measurement  with  non-contacting 
electrodes  (e.g.,  BVA  resonators). 

The  method  should  also  have  applicability  in 
various  monitor  and  control  functions  durinr  crys¬ 
tal  fabrication:  plate-to-freque.ncy  control;  turn¬ 
ing  point  determination;  ECXo/tCXO  calibration; 
product  burn-in  and  quality  assurance;  and  measure¬ 
ment  with  non— contacting  electrodes. 
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Figure  3.  Phase-Modulated  Reflectometer  System  (For 

Frequency  Locking  an  Oscillator  to  a  Passive  Quartz 
Resonator) 


mtioiru  signal  niiiictio  signals  i  mroufNct  oirsn 


Figure  4. 
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Spectral  width  measurements  and  frequency 
stabilizations  of  AlGaAs  lasers  were  carried  out, 
and  their  applications  were  demonstrated.  It  was 
shown  that  the  spectral  width  can  be  reduced  as 
narrow  as  1MHz.  A  stabilized  Fabry-Perot 
interferometer,  absorption  spectra  in  H20  and  3Rb 
were  used  as  frequency  references  to  improve  the 
long-term (T  >  Is)  frequency  stability.  The  > 

minimum  of  the  square  root  of  the^llan  varijyce 
in  these  experiments  were  2.0x10  ,  1.1x10  , 

and  1.4x10  (at  :  =  100s) ,  respect lvoly.  For 
the  laser  with  an  externa  j  _,grat  ir.q ,  the  minimum 
of  obtained  was  3.2x10  ~  (at  :  =  100s).  Several 

experiments  were  carried  out  to  improve  the  short¬ 
term  (I  Is)  frequency  stability,  and  power  spec¬ 
tral  density  for  frequency  fluctuations  was 
reduced  to  less  than  10  “  of  that  of  free  running 
lasers  for  the  F.nuner  frequency  rang**  lower  thar. 

~  .’''(KM:: .  t 

An  Allan  variance  real-time  processing  system 
i ARPS)  was  developed  for  frequency  stability 
m* asuremt nts ,  and  optimal  frequency  control  was 
■  ■a mod  out  by  using  this  apparatus. 

As  an  application  of  frequency  stabilized 
lasers,  the  precise  wave 1*  noth  measurements  of  the 
15,0  absorption  spectra  were  demonstrated,  in  which 
the  preliminary  results  of  RK'4.ft?37-  0.000  3A®  for 
R  ( 4  ? -  3  )  line  was  obtained.  Furthermore,  a  brief 
comment  on  the  prof  urut  ion  of  optical  pumpinq 
•  x;  or  iment  s  for  Rl  .i.xl  Cs  was  given. 


Performances  of  semic- 
r^markably  improved  by  the 
'•ommur.  i  cat  ions  industry.  V 
- 1  j  Udina  L  mod*  • ,  .'W  os*  i  1  I  at 
ha.;  he*-:,  realized. 

I  i  ;ci  h.as  been  reduce,  i  as 
ar*’  r«  .tly  *  >sc  i  1  lated  it.  t! 
th*  coherent  lights  f  0.>‘: 


<mdU'.-*  fir 
the  demand  ef  the  optical 
y .  Recen  1 1  y  ,a  si  no  1  e  1  or.  - 
illation  at  room  temjerature 
The  j  r  i  oe  of  *  ach 


wuv<  lengths  ar 
rr.  hiAsP  lasers 
th*  r  kind  of 
?  •  •* 1 1 cai s  ,  t: 
lent,  ly  used  nr- 
in  many  fields 


l  :.»'d  bv  ; 
r-t  ivelv. 
•••:  <-  l  1  iu* 
ridu  *  v 


■A  l  .  *-]  .«  ..m  in 
i/V  1  a-;*  rs  arid 
in*'*-  f*w  t'.uru ••  • 


opy,  optical  pumping,  fr>-  y  ai 

ards,  laser  radar,  a  l  r-ber  ra*  gyr* 
For  those  ,.q  pi  i cat  ions  ,  however  ,  *w 


*  -mmun  i  •  at  i  •  >m  l sit 
u .  ,  laser  spent  t  •  *s 
and  1  ••nqt  li  st  an 


performances  such  as  spectral  width,  mode  struc¬ 
tures,  FM  and  AM  noise,  etc.  have  to  be  understood. 
If  these  performances  are  not  sufficient  enough 
for  these  applications,  they  must  be  improved  by 
external  optical  components  and  electronic  circuits, 
or  by  manufacturing  thoroughly  new  type  of  sem¬ 
iconductor  lasers.  For  example,  long-term  fre¬ 
quency  stabilities  of  these  lasers  have  to  be 
improved  for  high  resolution  laser  spectroscopy 
and  short -term  frequency  stabilities  have  to  be 
considerably  improved  for  heterodyne-type  opt 
communications.  For  these  applications,  t::«.  stabil¬ 
ities  of  semiconductor  lasers  are  still  com- id*  r.»i  1  ■ 
low. 

In  *  h  i  '■  japer,  recent  results  on  f  re.:u*  uc  • 
stabi  1  irat  ;on  -  f  Ab'aAs  lasers,  with  the  zu’. 
suxpos*  *f  1  oki:,.:  f -r  new  pessibiii t  i*  •*  f t.  r 
a: i licat ions ,  will  b»  discussed. 


Ni'IFF  ANI.  FFLcTRAI.  WIL'Th 


In  t  ho  ;  res* 
:  lunar  (cVP)  t  V]  * 


intensity  f  J  uct  uat  :i:-  ,  fre  aiency  flu.tu.i*: 
and  spectral  width  wen  nuMsund.  Th*  1 1  r: 
at.  tin-  heat  sink  for  t  Iv,.  lar*  r  v.%.-  k*.^t  a*, 

tempo ratuie  with  the  tlu.t’.ur  .  .  -.  f  -  .  \\ 

the  laser  was  driven  by  .«  „  irn  nr  -  n  oulat  ■  : 
Th*-  tern: -or at  are  .•-.vff  ic  lent  of  f  n*  cui  n.  n* 
th*-  regulator  w.c  The  power  ;;  c.  t  j 

sit^'-of  t  {ji*  intensity  f  lactuat  ior.s  w.is  low  a 
lu  '  i Hz  i.  The  frequency  fluctuations  w. 
measured  by  a  stable  Fabry-Forot  mt.crc.fer 
and  tin-  result.*-1  are  shown  in  Fig.  1.  In  t: 
figure,  it  is  st“u ,that.  powq^  spectral  dent 
fill1  bet- we*::  ]  .*  "  ‘  and  10  (Hz  *)  !\-r  t:.t 


,-ctral  width 


moasmyd  l  v  ,»  1  Fat  ry-ivrot  lr. 
1  1  h»  valu*  of  the  spectra 

ie-r*M.;«\i  with  increasing  t  h*  in1 


where  i*.  t. he  spec  tr.il  width  'f  t  h«  ..  a' 

is  tiie  photi'n  energy,  and  I  :  the  Iasi  i  j 
rospeet iveiy .  In  this  figure,  *  j  is  redi 
narrow  as  lV’ir ,  w:,jc.h  means  that  this  last 
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:-i  ;  i  U  r  ;}  •  1  r  -py. 


V VI  v -t!i-.Muy  biNIN  AN1’  h'lAPJblZATlUN 


i  f  ; •  i  \  >  i  n-.pi 


s.h  l  f »  v'aii  be 


•N,  (  ' 


.U  (J) 


-  *  >  1  •  a:-  )  ,  n  is  the  i  •  t  ract. iv»- 

!■.  :  i*  ..  by  t  h*  l  ti  j.i  •!;  jrit  ;.t  ,  *  and 
•  ’i:r.  *  r  .y  ui c.*-f  fi:  nuts  :f  *.*.*•  „avity 
1  lvr  index,  r*-:;j^ctiv*  ]y.  ..T1 
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art:  variation,  respect  i.vo  I \  .  ti~re,  •.  +  r 
■d  at  cabin,  wb icii  "orn  n><  ::Uo  to  0.  Oor.m / 
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one  has  to  :3u|.pr<.-b.j  frit:  power  crift  Ly  ecu  r  ol  ]  i  ng 
the  tom]  err.tur*  while  controlling  the  :r*  ycr.cy  by 
the  car rent. 

Mode  hopping  phenomenon  a] sc  gives  a  trouble 
is  t:.e  ;  resent  study,  which  is  hit  to  file  tom- 
!<  ritutf  d- .dor.  o  ;f  the  unerc ,  ’Jan  of  the 
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because  the  stability  of  the  interferometer  is 
limited  by  that  of  the  Lamb  dip  of  the  Ne  transi¬ 
tion  in  the  discharge  tube  of  the  He-Ne  laser. 

I  r  s.me  absorption  lines  of  stable  atoms  or  mol- 
ules  are  used  as  references,  the  apparatus  may 
in  come  simpler  and  higher  stability  can  be  expected. 
I’.-.i'  authors  started  this  stabilization  scheme  by 
n:  laying  H -»0  molecules  as  the  reference.  It  has 
en  well  known  that  H2O  has  a  combination  tone  of 
t:n-  vibration  spectra  (vp,  v2 ,  V3)  =  (2,  1,  1) 
around  0.8cm.  Though  the  absorption  by  the 

com)  mat  ion  tone  is  weak  in  general,  that  of  this 
band  is  exceptionally  strong  because  it  is  coupled 
with  (0,  1,  3)  band  by  Darling-Dennison  resonance . 12 ) 
A  great  number  of  rotation  structures  can  be  found 
within  this  band,  and  they  have  been  assigned  by 
Baumann  and  Mecke.13)  Figure  7  shows  some  of 
these  lines  around  the  wavelength  of  AlGaAs  lasers. 

It  can  oe  said  from  this  figure  that  each  laser 
car.  be  tuned  at  least  to  one  of  those  spectra 
•  v»  n  though  the  wavelenths  of  the  lasers  are 
.udividudlly  distributed.  It  is  expected  that 
almost  all  of  the  lasers  can  be  stabilized  by 
.a.-my  these  spectra  as  references.  Figure  8 
shows  the  first  and  second  derivatives  of  the 
linear  absorption  spectra  observed.  The  H20 
absorption  cell  of  10cm  in  length  was  used  at 
r-'or  temperature,  which  means  the  H2O  vapor 
:  res  sure  c-f  aoout  OOTorr.  Figure  9(a)  shows  the 
:n;  le  vxjrimental  apparatus  for  stabilization 
e.  :,  as  an  example,  in  Fig.  9(b),  the  third 
■  iv r  ivat  ive  of  the  spectra  of  P(0-1_]_)  line  used  as 
.t  teferenc*-,  is  shown.  Figure  10  showns  the 
frequency  stability  obtained,  in  which  the  curve 
,  r-.q  resents  the  result  of  stabilization.  The 
minimum  of  *  on  this  curve  is 

-  1.1  x  10_ii  at  ;  =  100s.  (7) 

curve  B  represents  the  result  of  the  previous 
••Xieriment  (the  curve  D  in  Fig.  6).  Comparison 
;  .'tween  these  curves  shows  that  higher  stability 
was  obtained  in  the  present  method  by  a  simpler 
a:  :  urut.us. 

In  th*-  stabilization  method  employing  atomic 
or  molecular  spectra  as  references,  the  stability 
would  d«q  end  on  the  S/N  value  of  the  signals,  i.e., 
higher  stability  is  expected  by  using  a  stronger 
ibsnrpt ion  line.  For  such  a  strong  absorption 
line,  ri  JRb-^2  line  at  780nm  was  employed  to  improve 
stability.  Though  it  is  not  so  easy  to  tune 
V:  laser  frequency  to  the  D2  line  because  of  the 

mode  hopping,  it  can  be  highly  stabilized  if  such 
.1  wavelength  coincidence  can  be  obtained. 

Fort  mutely,  the  authors  found  such  a  laser  amonq 
di**ir  several  CBF  lasers,  and  wavelength  coincidence 
wi  -teamed  with  the  temperature  of  24.6°C  at  the 
h'-at  :  ink.  Figure  11  shows  the  linear  absorption 
tra  arid  their  first,  derivative  line  shapes. 

I*  s. m  be?  seen  that  they  have  higher  S/N  values 
thin  those  of  H2O  spectra  in  Figs.  8  and  9. 

The  quantum  numbers  F  in  this  figure  are  for  the 
:  wer  level  (:->S1/2) .  The  lines  for  different 
v  lues  of  F  in  th'--  upper  level  ( 5 P 3 / 2 )  are  not 
r- -solved  in  this  figure.  The  ®^Rb  absorption  cell 
f  Lem  was  used  at  room  temperature.  )  The  corres- 
ponding  vapor  pressure  is  about  10" ^  Torr,  and  any 
buffer  gas  is  not  contained  in  it.  Figure  12  shows 
th«-  frequency  stability  obtained  by  locking  the 
frequency  at  the  '.enter  of  the  first,  derivative  of 
*'  Th 1  cell  has  boon  used  for  Rb  atomic  standard. 


the  D2  line.  The  minimum  of  3  in  this  figure  is 
a  =  1.4  x  10‘12  at  T  »  100s.  (8) 

By  comparing  it  to  that  by  H2O  spectra,  it  can  be 
said  that  higher  stability  was  obtained,  as  expeett- 
The  authors  are  now  preparing  to  use  the  saturated 
absorption  spectra  in  D2  line  as  references  to 
improve  the  stability.  Figure  13  shows  the 
saturated  absorption  spectra.  The  spectral  width 
in  this  figure  is  52.7MHz,  which  is  consistent  with 
the  value  estimated  from  the  radiative  life  time 


of  5P 


3/2 


level  (27. 0ns) . 


15) 


Six  saturated  absorp 


tion  lines  and  six  cross -resonance  lines  should  be 
seen  on  the  Doppler  broadened  profile  in  this 
figure  because  the  upper  and  lower  levels  for  Do 
line  have  four  and  two  sublevels,  respectively. 
However,  only  two  lines  can  be  seen  in  this  figure. 
The  cause  of  this  discrepancy  is  still  now  under 
investigation.  It  is  expected  that  the  ®^Rb- 
stabilized  lasers  with  such  a  high  stability  can 
be  used  as  powerful  tools  for  Rb  atomic  standards.' 

The  frequency  tunable  range  of  the  laser  used 
above  was  limited  by  the  mode  hopping  phenomenon, 
as  mentioned  before.  One  way  of  overcoming  this 
phenomenon  is  to  use  an  external  grating.  '  ^  The 
authors  just  followed  this  method  and  have  obtained 
preliminary  experimental  results.  Figure  14  shows 
the  experimental  apparatus  All  of  the  experiments 
described  in  this  paper,  the  authors  used  CSP  laser 
however,  in  this  paticular  experiment,  a  trarisvuree 
3 unction  stripe  (TJS)  laser  was  used.  ^  Or.v  .  f 
the  cleaved  facet  of  this  laser  was  AR  coated  u: J 
its  reflectivity  was  reduced  as  low  as  14*.  A 
arating  was  placed  at  Lem  away  from  the  facet  to 
pick  out  one  of  the  longitudinal  modes.  Be  vent « ?. 
longitudinal  modes  were  separately  picked  out  by 
rotating  the  grating.  The  frequency  cf  cam  m  if 
was  tuned  for  1- 3GHz  by  translating  the  position 
of  the  grating,  and  was  stabilized  by  using  a 
stable  Fabry-Perot  interferometer  as  a  frequence 
reference.  Figure  15  shows  the  result.  Com}  an.  o*. 
between  the  curves  A  and  B  tells  us  that  the  stabil¬ 
ity  of  the  free  running  laser  is  improved  by  us  mo 
the  external  grating,  which  is  because  the  longitu¬ 
dinal  mode  competition  is  suppressed  and  the  cavhv 
-Q  velue  is  increased.  The  curve  C  represents  » !u 
result  of  stabilization,  and  the  minimum  of  *  on 
this  curve  is 

■r  »  3.2  x  10-12  at  •  .  loos. 

The  stabilities  of  other  longitudinal  modes  w**m. 
almost  the  same  as  that  shown  by  the  curve  C. 


5.  IMPROVEMENTS  IN  SHORT-TERM  FREgFCNCY  STAB  I M T V 

In  4.,  several  experiments  were  carried  cur 
to  improve  the  long-term  frequency  stability, 
the  stability  for  T  L  Is.  For  apt  licnti- 
heterodyne-tvpe  communications,  h  ih  s{  oed  o;t. 
measurements,  etc.,  the  short-term  staiiliti-: 

(T  *  Is)  of  the  lasers  have  also  to  be  imt  r  'v, 

In  this  case,  even  a  simple*  Fabry-T^rot  mt-  rf»  r 
eter  made  of  a  rigid  fused  quartz  bb  k  can  I  • 
satisfactorily  used  as  a  f  1  *.»■  cu^ncy  refer-  . 
However,  it.  is  essentially  necessary  to  ex:  aid  th- 
bandwidth  of  the  servo  controller  as  mu -h  as 
possible. 

The  stability  for  1ms  -  '  u  Is  was  easily 
improved  by  increasing  the  cutoff  frequency  f  .  of 
the  proportinal  amplifier  in  Fig.  r*.  Th-  depend¬ 
ence  of  the  stability  on  fc  is  shown  m  !'rg.  l‘-.*'>! 
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L 1 1  till'-  f  1  gure ,  the  highest  stability  was  obtained 
at  fc  ■  7.23kHz,  and  the  minimum  of  0  was 

■.  J.l  x  10_1~  at  t  =  100ms.  (10) 

To  improve  short-term  stability  for  T  *  1ms, 

•  •ra*  iu’L‘ds  to  use  different  type  of  servo  controller. 
V inure  17  shows  the  frequency  character i sties  of 

t  ;k  gain  ot  such  a  controller  developed  by  the 
authot.-,  The  bandwidth  was  increased  as  high  as 
SGukHz  by  connecting  two  differentiators  (D^  and 
I  •)  n.  parallel  with  the  proportional  amplifier  (P) , 
wtudi  were-  constructed  by  using  faster  operational 
urn: ■  l  i  r  iet  s  than  those  in  Fig.  5.  Figure  18  shows 
t  power  spectral  densities  S  of  frequency 
fluctuations  )f  the  stabilized  laser  obtained  by 
f h i s  circuit.  It  can  be  seen  that  the  value  of 
r-  for  the  stabilize*.!  laser  is  about  10”^  of  that 
r  free  running  laser  for  Fourier  frequency  up  to 
kll:  ,  and  that  this  circuit  is  effective  to 
:  i :  .v  rn'  -nort-t*  rm  Jrr-.nnncy  stability. 

Tt.;  work  now  in  progress  and  faster  servo 

ru  :■  i  ler  is  being  design* *d  by  using  faster  video 

As  described  in  this  and  previous  chapters, 
imp-rov.-rv  *i  t  s  of  lo-u  and  short  term  stabilities 
hive  been  nried  out  separately  until  now.  As 

•  \-‘  t;«  xt  •  top,  si  veral  experiments  are  now  in 

:r  ?r*  .  t  •  improve  the  stability  for  a  wide  range 
f  :y  -nu.. i  u  mu  both  of  these  techniques. 


'  •  APPLICATION  OF  MICRO  COMPILERS 

!f  is  suit e  favorable  if  the  real-time  mcas- 
•  i  frequency  stability  «-an  be  done  when 

•  :n  i  j  er  l  .  tubilizod.  Such  a  real-time  meas- 
ur*  me-  t  r-vutom  can  be  l noxpensi voly  made  by  using 
r  i  oi  l  ;  i '  vt  cn  s.  Figure  19  shows  the  block 

i:  i  ;t  .iZi  •  f  nn  Allan  variance  real-time  processing 
.  ♦»r.  \t\k\  S )  which  have  bt  en  developed  by  the 
a  at  h  r  :  i  »  '.:us  :  ui pose. 

It  is  then  possible  to  find  tiu  con.lition  of 
:  r  in  i  i  v  ont  r<'  1  ft:  frequency  stabilization  by 

•  ::*  AR»  S :  Tin.  ap:ro:r.ate  cams  and  cutoff 
f  t  •  •  gut  n  i  ’  '  f  the  amplifiers  in  Fig.  f>  are  found 

u  n:  i.  r<.  computer  s<  tliat  the  valui  of  *,  meas- 
ired  by  the  AH';:,  will  misui  »•  the  minimum  value. 

•  :  nil*-  and  -'1  show  the  ♦.  xj  erimental  apparatus 

:  :  .  'lit  r*  ■*  1  and  t.iu-  result  obtained  by 

a  ir.itu  -,  r*  sj  e ct  i w ly .  I*-  can  be  seen  that 

•  stability  obtaiir  :  by  tnis  method  l  s  higher 
•:.!?.  t  :.*•  method  m  wincii  the  ga  mi;  and  cutoff 

»jf  t  : ,  *  cor.t  r -.1  u-r  are  manually  adjusted, 
f  y  ino  tp.  method,  Liu*  onditions  for  optimal 
1  -.m  i  <  ■  k«  :  *•  a*  >  the:  Mv  highest:  frequency 
*  ii  i  i  :  t  v  •  maintained  ,-ven  if  the  workinq 
i  *.  i  -  a;,  of  tn*-  laser  may  change  m  time. 

This  system  an  be  widely  used  not  only  for 
:  r*-:  cut-  *•:  *  inly ,  hut  for  other  frequency  stand- 


A  i  •  :  1  •  •  A j  I_  r  i.  ■  >.  ;K  i  •  KKgi.'KNi  ‘V  S  TAH 1  LIZ  ED 

7'!:‘{r'  v>n&~: ^  toe_  lasers" 

i*  :u>  *.c.y  .*  ail  iz*d  sem  com  Fact,  or  lasers  can 
in  many  :  Ids  of  applii  at  ions.  As  an 

,  < -.1-  eC  .  ue  s  i*’p.ir:n'i  f  lie  precise 
gt.h  r-  !  ui  ■  me*;*  >  of  ,il';.iTf  t  ir:i  spectra  in 
t  . :  i  i  m*  r*  :•  ■  -ui.it  e  vain*  s  of  the  molecular 
'  •  .  Tii*  >"  w-.i’/e leiigt  lis  can  lie  moa?;- 

•  rj.ii.n-i  i  h*  -wav- •  1  •  : .  :U.  of  H  -ab  i  1 1  "*  1 


laser  with  that  of  a  frequency  stabilized  He-Ne 
laser  by  using  a  pressure-scanned  Fabry-Perot 
interferometer.  As  a  preliminary  result,  the 
wavelength  of  R(42~3  )  line  lias  been  measured  to 
be  8164.8737  +  0.0003A. 

As  another  example,  the  vibration-rotation 
spectra  in  several  molecules  r»i  also  be  measured 
by  InGaAsP  lasers  at  1 . 3  or  l.Ogm,  which  may  be 
used  for  pollutant  gas  monitoring  system. 

It  has  been  proposed  that  AlGaAs  lasers  can 
be  used  for  optical  pumping  of  Rb  and  Cs  beam 
atomic  standards,  and  several  experiments  have 
already  been  carried  out.-1  For  this  partucular 
study,  it  is  very  difficult  to  use  commercially 
available  lasers  due  to  the  mode  hopping  phenomenon 
A  specially  designed  semiconduc*'  laser  has  to  be 
made  for  this  purpose.  The  autnors  are  now  prepar¬ 
ing  facilities  for  crystal  growing  to  make  DBR 
lasers*^  with  good  wavelength  selectivity  for  the 
optical  pumping  study.  It  is  expected  that  these 
new  lasers  can  be  used  also  for  the  spectroscopy 
of  the  Rydberg  states  in  aikali  atoms. 

8.  CONCLUSIONS 


Recent  results  on  spectral  width  measurements 
and  frequency  stabilization  of  AlGaAs  lasers  were 
described.  It  was  demonstrated  that  the  spectral 
width  can  be  decreased  as  narrow  as  1MHz. 

A  stabilized  Fabry-Perot  interferometer,  absorption 
spectra  in  H2O  and  B^Rb  were  used  as  frequency 
references  to  improve  the  long-term  frequency 
stability.  The  minimum  of  the  square  root  of  the 
Allan  variance  in  these  experiments  were  2.0xl0~il, 
1.1  x  10*11,  and  1.4  x  10  (at  T=  100s),  respec¬ 
tively.  For  the  laser  with  an  external  grating, 
the  stability  obtained  was  3.2  x  10”^  at  100s. 
Several  experiments  were  carried  out  to  improve 
the  short-term  stability,  and  the  power  spectral 
density  of  frequency  fluctuations  was  reduced  to 
loss  than  10"^  of  that  of  free  running  lasers  for 
the  Fourier  frequency  range  lower  than  200kHz. 

An  Allan  variance  real-time  prccessina  system 
(ARPS)  was  c  veloped  for  frequency  stability  meas¬ 
urements,  and  optimal  frequency  control  was  carried 
out  by  using  this  apparatus. 

As  an  application  of  the  frequency  stabilized 
lasers,  the  precise  wavelength  measurements  of  the 
absorption  spectra  in  H2O  are  prepared,  and  prelim¬ 
inary  result  of  8164.8737  +  0.0003A  for  R(42~33) 
line  was  obtained.  Finally,  a  brief  comment  on 
the  preparation  of  optical  pumping  experiments 
for  Rb  and  CK  was  qiven. 
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Summary 


A  study  oi  fundamental  linewldth  broadening 
mechanisms  in  cw  (CaAl)As  dLode  lasers  is  pre¬ 
sented.  The  linewidths  were  observed  to  Increase 
linearly  with  increased  reciprocal  output  power 
which  can  be  explained  using  a  modified  Schawlow- 
Townes  theory.  A  power-independent  broadening  of 
the  linewldth  was  also  observed  and  has  been  ex¬ 
plained  as  due  to  refractive  index  fluctuations 
resulting  from  statistical  fluctuations  in  the 
number  of  conduction  electrons  in  the  small  active 
volume  of  the  devices  studied.  The  range  of  line- 
wilths  for  these  devices  can  severely  limit  the 
utility  of  semiconductor  lasers  in  various  appli¬ 
cations  such  as  frequency  standards,  heterodyne 
communications,  and  fiber  optical  sensors.  Sig¬ 
nificant  performance  improvements  have  been  made 
by  operating  these  devices  in  a  stable  external 
cavity.  ^ 


The  use  of  semiconductor  diode  lasers  as  high 
resolution  spectral  sources  requires  an  under¬ 
standing  of  the  linewldth  characteristics  of  these 
devices.  Reported  here  is  a  study  of  the  funda¬ 
mental  mechanisms  which  account  for  the  spectral 
linewldth  of  cw  single-frequency  (GaAl)As  diode 
lasers.  The  experiments  were  carried  out  on  a 
number  of  Mitsubishi  transverse- junction-stripe 
(TJS)  and  Hitachi  channe l -subst rate-planar  (CSP) 
lasers  at  273,  195  and  77  K.  The  linewidths  shown 
in  Fig.  1  were  observed  to  increase  linearly  with 
reciprocal  output  power l  at  all  temperatures. 
However,  a  power-independent  cont r ibut ton^  to  the 
laser  linewldth  was  also  observed  which  increased 
in  magnitude  with  decreasing  temperature. 

The  experimental  arrangement  has  been  de“ 
scribed  elsewhere.’  The  devices  were  thermally 
isolated  In  a  Dewar  to  reduce  temperature  fluc¬ 
tuations  to  an  ins ignt f leant  level.  Each  data 
point  for  a  particular  power  and  temperature  was 
the  result  of  the  Integration  of  many  Fabry-Perot 
interf  eromet  »*r  scans  using  a  computer.  The  output 
power  was  measured  using  a  calibrated  silicon  pho- 
todi)de,  and  a  dual-grating  (12,000  lines/mm)  3/4- 
meter  spectrometer  was  used  to  verify  single- 
trequomy  operition  of  ihe  laser  diode.  Precau¬ 
tions  against  optical  feedback  were  taken  to  avoid 
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affecting  the  output  of  the  devices.  Injection 
current  noice  in  the  diodes  was  minimized  by  using 
a  shielded  lead-acid  battery  based  passive  compo¬ 
nent  power  supply  incorporating  a  500  kHz  bandwidth 
filter  network.  Linewldth  measurements  were  made 
using  a  scanning  Fabry-Perot  interferometer  with  a 
resolution  of  3.5  MHz.  The  experimental  data  pre¬ 
sented  is  for  one  particular  TJS  laser  at  273,  195 
and  77  K,  and  is  representative  of  the  typical  per¬ 
formance  of  fifteen  such  diodes.  The  single-ended 
output  power  versus  injection  current  characteris¬ 
tics  for  the  diode  lasers  at  each  of  the  three  tem¬ 
peratures  was  quite  linear  over  the  entire  opera¬ 
ting  range. 

The  power- independent  contribution  to  the  laser 
linewldth  is  attributed  to  statistical  fluctuations 
in  the  number  of  electrons  in  the  small  active  vol¬ 
ume  of  the  devices  which  cause  a  refractive  index 
fluctuation  and  hence  a  cavity  frequency  fluctua¬ 
tion.  The  output  frequency  fluctuation  can  be 
shown  to  be  given  by 


where  6N  is  the  mean  square  fluctuation  in  the  num¬ 
ber  N  of  electrons  in  the  gain  volume  and  dn/dN  is 
evaluated  at  the  laser  frequency  and  at  N  equal  to 
the  number  of  electrons  at  laser  threshold,  Nt ,  M 
is  the  mode  filling  factor,  and  Tg  and  Tc  are  the 
gain  and  cavity  linewidths,  respectively.  The  mean 
square  fluctuation  in  electron  number  is  assumed  to 
be  S*t.  By  substitution  of  experimentally  deter¬ 
mined  parameter  values  Into  Eq.  (1),  we  get  power- 
independent  contributions  of  2.2,  6.5  and  11.5  MHz 
at  273,  195  and  77  K,  respectively,  compared  to  ob¬ 
served  values  of  1.9,  5.2  and  8.4  MHz.  The  conven¬ 
tional  theory  of  laser  linewldth  does  not  appear  to 
include  this  power-independent  limitation. 

The  power-dependent  contributions  to  the  laser 
linewldth  are  shown  to  be  in  agreement  with  a  mech¬ 
anism  recently  presented  by  Henryk  which  is  similar 
to  the  problem  treated  by  Lax^  that  occurs  in  de¬ 
tuned  gas  lasers,  where  the  cavity  resonance  and 
optical  transition  frequencies  do  not  coincide.  In 
addition  to  the  usual  broadening  caused  by  phase 
fluctuations  arising  from  spontaneous  emission 
events,  there  is  an  additional  broadening  which 
comes  from  a  phase  change  associated  with  the  laser 
field  intensity  change  induced  by  spontaneous 
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emission.  The  carrier  density  and  hence  gain  will 
fluctuate  to  restore  the  laser  field  amplitude  to 
the  steady  state  value.  The  change  in  the  gain  or 
imaginary  part  of  the  refractive  index  arising  from 
this  carrier  density  change  is  accompanied  by  a 
change  in  the  real  part  of  the  refractive  index. 

The  power-dependent  contribution  to  the  laser  line- 
width  is  then  expressed  as 

2V  -  (hv/8nP0)(c/nL)2(lnR-aL)(l.nR)nSp(l+82)  (2) 

where  0  is  the  ratio  of  change  in  the  real  part  of 
refractive  Index  to  the  change  in  the  imaginary 
part  of  refractive  index  due  to  spontaneous  emis¬ 
sion  events  over  the  same  period  of  time,  2r  is  the 
full  width  of  the  emission  line  at  frequency  v  for 
single  ended  output  power  P0>  n  is  an  effective  re¬ 
fractive  index  including  dispersion,  a  is  the  mode 
loss  coefficient,  L  is  the  cavity  length,  R  is  the 
facet  reflectivity  and  nSp  is  the  spontaneous  emis¬ 
sion  factor.  The  spontaneous  emission  factor  is 
the  ratio  of  spontaneous  emission  rate  per  mode  to 
the  stimulated  emission  rate  per  laser  photon.  By 
substitution  of  experimentally  determined  parameter 
values  into  Eq.  (2),  we  get  slopes  of  67.2,  A3. 7 
and  8.2  MHz  mW  at  273,  195  and  77  K,  respectively, 
compared  to  observed  values  of  7A.7,  36.7,  and 
9.28  MHz  mW. 

The  broad  range  of  linewldths  for  these  lasers 
is  fundamental  and  can  severely  limit  their  util¬ 
ity  in  various  applications  such  as  frequency 
standards,  heterodyne  communications  and  fiber  op¬ 
tical  sensors.  External  cavity  operation  of  a  semi¬ 
conductor  injection  laser  is  attractive  for  a  num¬ 
ber  of  applications  requiring  greater  spectral  pu¬ 
rity  and  frequency  stability  than  can  be  obtained 
from  a  solitary  laser  diode,  while  offering  tuna- 
bility  of  the  emission  frequency  through  the  use  of 
dispersive  cavity  elements.  Operating  these  lasers 
in  an  external  cavity  can  substantially  reduce  the 
linewidth  because  of  a  higher  cavity  Q.  A  stable 
grating  tuned  external  cavity  without  feedback  sta¬ 
bilization  has  been  operated**  with  an  RMS  frequency 
jitter  of  300  kHz  in  one  second  and  a  linewidth  of 
less  than  15  kHz  for  output  powers  of  a  few  milli¬ 
watts  and  a  10  nm  tuning  range.  An  instrument  lim¬ 
ited  15  kHz  heterodyne  beat  spectrum  of  two  exter¬ 
nal  cavity  devices  Is  shown  in  Fig.  2;  the  expected 
linewidth  at  0.A  mW  output  power  is  about  A00  Hz. 
This  linewidth  was  limited  by  acoustic  fluctuations 
of  the  external  cavity  structure.  The  measured 
amplitude  noise  spectrum  was  flat  and  down  more 
than  AO  dB  in  the  range  from  10  Hz  to  2  GHz. 

A  new  generation  of  external  cavity  devices  in¬ 
corporating  feedback  stabilization  should  have  us¬ 
able  linewldths  of  less  than  10  kHz  and  could  tune 
continuously  over  the  range  650-900  nm  using  GaAlAs 
and  from  1100-1700  nm  using  GalnAsP. 
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Fig.  1.  Linewidth  vs  reciprocal  output 
power  for  Mitsubishi  (TJS)  single-frequency 
(GaAl)As  diode  laser. 


FREQUENCY  (kHz) 

Fig.  2.  Heterodyne  beat  spectrum  between 
two  external  cavity  (GaU)As  Orf  diode  lasers 
with  output  power  of  0. A  and  0. 3A  mW, 
respectively. 
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Summary 


o2(t)  =  K_2t-2  +  K_1t'1 


(1) 


This  paper  presents  an  evaluation  of  the  fre¬ 
quency  stability  achievable  with  a  rubidium  maser 
oscillator.  The  study  takes  into  account  the  ef¬ 
fect  of  the  optical  pumping  rate,  the  bulb  tempe¬ 
rature,  the  coupling  loop  coefficient  and  the 
receiver  noise.  Systematic  effects  on  the  maser 
frequency  are  also  considered.  Experimental  re¬ 
sults  show  that  their  variations  govern  the  fre¬ 
quency  stability  for  averaging  times  longer  than 
one  second.  Permitted  excursions  of  the  main  ma¬ 
ser  parameters  to  achieve  frequency  stability 
better  than  1  *  10”*4  are  determined. 


Key  words:  Rubidium,  Maser,  Allan  variance. 
Buffer  gas.  Light  shift.  Cavity  pulling.  Frequen¬ 
cy  stability. 


Introduction 


The  rubidium  maser  frequency  stability  has 
been  measured  previously  in  the  time  domain  for 
short  averaging  times1  and  for  long  averaging  ti¬ 
mes2  ai  d  in  the  frequency  domain3.  We  present  in 
this  paper  a  theoretical  evaluation  of  the  possible 
performance  of  this  type  of  oscillator  taking  into 
account  the  fact  that  the  maser  line  is  inhomoge- 
neously  broadened.  Optimum  conditions  are  esta¬ 
blished  on  the  main  maser  parameters  and  the  theo¬ 
retical  expression  for  the  short  term  frequency 
stability  is  calculated  according  to  realizable 
configurations.  The  systematic  effects  on  the  ma¬ 
ser  frequency  were  also  considered  in  previous 
works4 » 5 »2 *8 .  We  review  here  these  effects  adding 
to  their  contribution  some  undiscussed  sources. 

A 

Short-Term  Frequency  Stability 


with 


4kT 


-2  P 


3f 

c 

s77 


[l  +  (Fr  -  1)  UL^_6).]j 


(2) 


and 

„  4kT  1  1 

-1  =  PD  8  0^ 


(3) 


The  first  term  is  a  white  phase  noise  and  the  se¬ 
cond  term  is  a  white  frequency  noise.  In  these  re¬ 
lations:  PQ  is  the  atomic  power,  vmand  are  the 
maser  frequency  -and  the  atomic  line  Q,  6  is  the 
output  loop  coupling  coefficient,  Fr  is  the  recei¬ 
ver  noise  figure,  fc  is  the  measurement  system  cut¬ 
off  frequency,  T  is  the  maser  temperature,  k  is 
Boltzmann  constant  and  x  is  the  averaging  time. 

The  frequency  stability  relation  shows  that  i^.  or¬ 
der  to  improve  the  maser  performances,  one  has  to 
increase  the  atomic  power,  to  couple-out  more  po¬ 
wer  and  to  increase  the  atomic  line  Q. 


Atomic  power 


The  rubidium  maser  has  an  inhomogeneously 
broadened  line  since  the  atoms  are  confined,  by  a 
buffer  gas,  to  a  restricted  volume  and  they  expe¬ 
rience  interactions  that  depend  on  their  location 
in  the  active  medium.  One  can  show  that  the  power 
delivered  by  the  atoms  to  the  microwave  cavity 
containing  the  medium  is  given  by8*1. 


2n  Tlu)b2rA(r)  dv 

O 

y,  (TT+73  +Y  (w  -lii)2/(}r+y,)  +  4b2(i-rB(r)) 

1  4  1  a  2 

(4) 


Two-sample  variance  (Allan  variance) 

The  short-term  frequency  stability  of  a  ma¬ 
ser  oscillator,  expressed  In  the  time  domain  by  the 
two-sample  variance  (Allan  variance)  Is  given  by7: 


where  t>  is  Planck  constant  divided  by  2it,r  is  the 
optical  pumping  rate,  and  Y2  are  the  population 
and  coherence  relaxation  rates  respectively,  b  is 
proportional  to  the  stimulating  field  value  and  w 
its  angular  frequency,  wa  is  the  angular  frequency 
of  each  atom  and  nQ  is  the  atomic  density.  A(T) 
and  B(T)  are  two  functions  of  the  optical  pumping 
rate  and  relaxation  rates  as  defined  in  reference  1. 
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reap*  i.  t  i  — 


Os .illation  occurs  when  the  atomic  power  com¬ 
pensate  the  power  dissipated  in  the  cavity  and  the 
power  coupled  out.  To  evaluate  the  oscillation  po¬ 
wer  one  has  to  solve  equation  4.  This  equation  is 
an  integral  equation  since  the  stimulating  field 
and  the  optical  pumping  rate  are  functions  of  the 
atomic  power.  Numerical  solutions  are  obtained  by 
standard  method1^  and  we  give  in  figure  1  the  ato¬ 
mic  power  as  a  function  of  the  optical  pumping  ra¬ 
te  at  the  entrance  of  the  bulb,  rc,  for  three  ca¬ 
vity  temperatures  (45°C,  55*0  and  63°C)  and  two 
different  coupling  coefficients  (0.1  and  0.5).  We 
see  that  the  maser  oscillates  over  a  limited  range 
of  optical  pumping  rates  when  all  the  other  para¬ 
meters  are  kept  constant  and  that  an  optimum  can 
be  reached.  Also  noted,  the  power  could  increase 
with  the  temperature  of  the  cavity  (or  the  atomic 
density)  but  more  pumping  (light  intensity)  would 
be  required. 


Our  actual  set  up  limits  the  value  of  T  to 
3000  s“*  or  less  so  the  maximum  operable  cavity 
temperature  is  around  60°C  and  the  delivered  po¬ 
wer  is  in  the  order  of  10"*-  W.  The  maser  beha¬ 
vior  shown  in  figure  1  has  been  observed  with  cor¬ 
responding  devices^  and  gives  great  confidence  on 
the  mathematical  model  used. 

In  figure  2 ,  we  evaluate  the  atomic  power  ind 
the  received  power  as  a  function  of  the  coupling 
inefficient;  the  two  powers  being  related  as: 


We  see  that  the  atomic  power  decreases  steadily 
when  the  coupling  coefficient  is  increased  from 
zero  while  the  received  power  ( coupled  out  power) 
increases  at  low  c  values,  reaches  a  maximum  and 
decreases  for  high  s?  values.  This  fact  implies 
that  the  value  of  d  should  be  ajust ed  to  a  value 
that  minimizes  the  white  phase  noise  contr ibut ion , 
K_2  (equation  2),  without  increasing  too  much  the 
white  frequency  noise  contribution,  K_j  (equation 

n . 


Noise  contr ibut ions 


Tlae  white  plaase  noise  and  the  white  frequency 
noise  cont r ib ut ions  can  be  deduced  from  equations 
2  and  3  when  the  maser  power  is  known.  Figure  3 
shows  the  square  root  of  each  term  as  function  of 
the  optical  pumping  rate  for  two  values  of  the 
coupling  coefficient  (0.1  and  0.5).  Wc*  indicate 
the  square  roots  because  they  represent  the  asymp¬ 
totical  value  of  the  published  frequency  stability 
^  H’i*  next  section).  We  observed  that  minima  are 
reached.  These  minima  are  not  too  critical  on  the 
value  of  :  0  when  a  amnll  coupling  coelf  i  dealt  is 
boson  but  the  corresponding  values  differ  for  the 
two  types  of  noise.  These  contributions  where  eva¬ 
luated  with  the  following  parameters: 

Fr  =  2.24  (3.3  dB),  f  =  30  Hz.  *  f  .8f3  dl?; 


they  are  around  1  *  10" 14  and  2  *  lO*1** 
ve  1  v . 


Overall  short-term  frequency  stability 

The  overall  short-term  frequency  stability 
calculated  while  considering  the  two  noise  contri 
butions  together.  Since  the  published  data  for 
the  stability,  in  the  time  domain,  is  the  two  *  am¬ 
ple  standard  deviation,  we  must  consider  the  rd a 
tion: 

o(t)  -  4T2t-2  (b) 


Computation  of  this  relation  gives  the  values 
indicated  in  figure  4  for  three  values  of  the  ca¬ 
vity  temperature  (318  K,  328  K  and  338  K) .  The 
values  ro  0pC  indicated  are  mean  value  of  the  two 
ro  that  minimize  an<*  respectively.  The 

coupling  coefficient  is  set  at  0.1,  The  curves 
show  that  the  white  frequency  noise  dominated  th 
white  phase  noise  contribution  for  averaging  time 
longer  than  one  second.  The  frequency  stability 
is  of  the  order  of  10~*?  at  1  second.  It  is  impo 
tant  to  notice  here  that  these  results  are  obtai¬ 
ned  without  normal izat ion  factor.  They  are  pre¬ 
dicted  values  deduced  from  the  maser  model  ev.iiu.j 
ted  with  typical  parameters. 

The  data  shown  of  figure  4  are  typical  it 
the  crosses  are  from  recent  measurements  and 
circles  are  data  taken  from  reference  2.  We  s..*- 
that  the  very  short  term  frequency  stability  is 
close  to  the  predicted  value  but  for  long  avera¬ 
ging  times,  the  discrepancy  is  significant.  Al¬ 
though  the  existence  of  the  white  frequen.  y 
has  been  observed  on  this  type  of  maser1',  metlu- 
source  of  frequency  instabilities  dominates  and 
the  theoretical  model  has  to  be  modified  in  ordei 
to  explain  the  observation. 


Systematic  Effects  on  the  Maser  Frequent > 
Maser  frequency 

The  frequency  of  a  Rb  maser  depends  on  ■ 
sonant  frequency  of  the  atomic  svstem  and  t : . * 
ning  of  the  microwave  cavity  that  confine**  i.v 
electromagnet  ic  field.  We  can  estimate*  t-at  * 
atomic  interaction  will  shift  the  resonant  in  . 
cy  and  broaden  the  line*-.  The  atomic  fre.juc. 
v  } ,  can  be  written 

=  v  +  ,  ,\  .  ,  ' 

a  o  “  i 

where  v0  -  ^  ,  834 , 682 ,b  12 . 8  4  0.  5  Hz1,  is  the  imp* 
turbed  hvperfine  frequency  and  Avj  represents  th* 
frequency  shift  associated  with  each  interaction. 
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The  full  linewidth  can  be  defined  as  a  sum: 


Av  =  Vv  +  >5v. 

a  o  “  l 


(8) 


where  5.’j_  is  the  eon t rib ut  ion  f  •  om  each  interac¬ 
tion  and  5v0  includes  the  natural  linewidth  and 
the  contribution  from  non-exp ii c i tely  considered 
interactions.  In  terms  of  the  coherence  relaxation 
rate,  the  full-width  can  be  written: 


1 


( 


2,0 


l  1  2 ,  i 


(9) 


aid 


and  > o  .  correspond  respectively  to  dv 


.  ,  -aid  6va  are  functions  of  the  position  in 
r he  active  medium  and,  since  the  atoms  are  not  al¬ 
lowed  move  freely,  only  local  averages  over  a 
stnill  volume  can  be  considered.  To  find  the 
exact  maser  frequency  one  has  to  find  the  frequen¬ 
cy  a t  which  the  power  is  maximum  taking  into  ac¬ 
count  :  in-  line  Inhomogeneity  and  the  cavity  pul- 
■  t,  to  be  specified  in  the  next 

.'.CCtieC. 


Frequency  shifts 


The  main  frequency  shifts  encountered  come 
from  the  static  magnetic  field,  the  buffer  gas, 
the  pumping  light,  the  spin  exchange  and  the  cavi¬ 
ty  nulling.  For  each,  we  evaluate  the  nominal  va¬ 
lue  under  usual  operating  conditions,  specify  the 
possible  sources  of  variation  and  evaluate  the  re¬ 
quired  changes  to  produce  a  relative  frequency 
shift  of  1  «  HTtu  . 


Magnetic  field:  A  static  magnetic  field  is 
used  to  establish  a  quantum  axis.  The  field  inde¬ 
pendent  transition  is  shifted,  at  low  field  level, 
b v  a n  amo u  n  t : 


-  i>.74  ■  10 l"  B;  (10) 


when  H  is  the  magnetic  induction  given  is  Tesla. 
The  usual  field  value  is  10“t)T  and  the  correspon¬ 
ding  shift  is  5.7  Hz  or  8.3  *  10” in  relative 

v.i  1  ut- . 


Variations  of  this  shift  are  expressed  by: 


,i  .  --  II.. *  8  •  1 0 :  ■  BdB . 


(11) 


a  change  in  the  d.c.  current  producing  the  field  or 
a  change  in  the  residual  field  from  the  ambient. 

For  example,  a  shielding  factor1*0  of  67,000  is  re¬ 
quired  to  bring  to  this  level  a  change  of  10%  of 
the  natural  magnetic  field. 


Buffer  gas:  A  buffer  gas  is  used  to  reduce 
the  Doppler  width  of  the  transition  and  to  improve 
the  pumping  efficiency  by  quenching  the  scattered 
light.  The  frequency  shift  associated  with  the 
interaction  of  rubidium  atoms  and  buffer  gas  atoms 
can  be  expressed,  to  the  first  order  in  temperatu- 


Av.  =  (6*  +  5  AT)  F  (12) 

bg  s 

where  P  is  the  buffer  gas  pressure  at  the  time  of 
sealing,  g  is  the  pressure  coefficient,  r  is  ilu- 
temperature  coefficient  and  AT  is  the  cavity  tempe¬ 
rature  offset  from  a  reference  temperature: 

AT  *  Tc  -  T0 .  Usually,  11  torr  of  pure  nitrogen 
has  been  used  in  order  to  maximize  the  maser  ga  i  n 1 L. 
For  this  gas  pressure,  the  coefficients  are 
d* *  538  Hz/torr  and  6  *  0.53  Hz/^C  -  torr;  J  and  the 
resulting  shift  is  (5918  +  5.83  AT)Hz.  When  the 
operating  temperature  is  set  at  the  reference  value, 
the  frequency  variation  due  to  the  buffer  gas  beco¬ 
mes  : 


dAv  =  p'dP  +  6  P  dAT  .  (13) 

bg  s  s 

In  our  actual  operating  conditions,  a  variation  of 
1  *  10“5  °C  on  Tc  or  1.3  *  10“  torr  on  Ps  gives  . 
relative  variation  of  10~li4  on  v  .  Such  a  varia¬ 
tion  on  Pg  can  result  from  a  change  of  the  bulb 
volume  occuring,  for  example,  because  of  a  barome- 
tiic  pressure  change. 


Pumping  light:  Population  inversion  is  achie¬ 
ved  through  optical  pumping.  A  frequency  shift 
exists  when  the  frequency  of  the  incident  phot,  r.s 
does  not  coincide  with  the  frequency  of  the  absor¬ 
bing  atoms.  A  phenomenologic.il  way  to  expros-  this 
shift  is: 


=  I  <!  •*'> 

op  oo 

where  IQO  is  the  maximum  intensity  of  the  light 
spectrum  and  x  is  the  light  shift  coefficient.  The 
latter  takes  into  account  the  spectral  distribution 
of  the  pumping  light  and  the  spectral  distribution 
of  the  absorption  coefficient.  Nominal  values  are: 
100  -  10u  pho tons /s -Hz- cm-  and  a  -  -  <■.'  Hr'l*  of 
Io0  consequently,  AvCp  -  -  30  Hz. 

Variation  of  this  shift  i expressed  simply 

by: 


dAv  =  a  dl  +  I  da  . 
op  oo  oo 


At  t’n is  field  level,  a  variation  of  6  ■  10“  1  1  T  on 
th*.  B- field  is  required  to  produce  a  relative 
■hit*  ot  10” •  *.  Such  a  variation  may  result  from 
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The  value  of  IOQ  can  vary  undei  *  change  in  the 
transmission  of  the  isotopic  filter  (change  of  tem¬ 
perature,  deposit  of  a  Rb  film)  c*  a  change  in  the 
emitted  power  (lamp  temperature,  excitation  power). 
Variations  of  a  are  mainly  due  to  the  temperature 
of  the  isotopic  filter  (shape  of  the  spectrum,  fre¬ 
quencies  of  the  pumping  light)  and  the  transmission 
conditions  through  the  active  cell  (atomic  density, 
atomic  power) .  Although  the  evaluation  of  this 
frequency  shift  and  its  variations  is  fairly  com¬ 
plex,  we  can  specify,  from  previous  studies^5*16, 
that  I00  aa/3Tf  -  0.23  Hz/°C  and  aatQ0/3Tf  -  .5Hz/*C 
which  indicate1 that  a  variation  of  10“*°C  on  the 
isotopic  filter  temperature  will  shift  the  maser 
frequency  relatively  by  1  *  10“14. 


associated  with  a  deposit  of  Rb  film  on  the  bulb 
surface  and  depends  on  the  cavity  temperature. 

The  cavity  offset  will  vary  with  the  temperature 
and  a  coefficient  of  -  3kHz/°C  is  typical.  Also, 
the  stability  of  the  mechanical  tuner  and  of  the  tem¬ 
perature  of  the  output  loop  have  to  be  considered. 
Finally  the  line  Q  changes  if  the  width  or  the  co¬ 
herence  relaxation  rate,  Y2»  changes.  The  value  of 
this  rate  is  approximately  300  s"1  and  results 
mainly  from  spin  exchange,  pumping  light  and  buffer 
gas  and  a  change  in  these  contributions  will  affect 
the  line  Q.  After  substitution  in  equation  19  of 
the  known  perturbation,  we  deduced  that  a  relative 
frequency  shift  of  1  x  10"14  can  be  produced  by  a 
change  of  4  x  10“5°C  on  Tc  or  0.1%  on  IOQ. 


Spin  exchange:  The  spin  exchange  shift  is 
proportional  to  the  population  difference  between 
the  two  maser  levels.  Under  steady  state  condi¬ 
tions,  it  turns  out  to  be  approximately: 


Av 


se 


(16) 


From  this  study  on  the  systematic  effects  on 
the  frequency  of  the  actual  maser,  we  retain  that 
the  temperature  of  the  cavity  has  to  be  regulated 
to  10~5°C,  the  isotopic  filter  temperature  to 
10“4oC,  the  magnetic  field  to  10" T,  the  light 
intensity  to  .01%  and  the  bulb  volume  should  not 
changed  more  than  10~5  cc  if  the  fractional  frequen¬ 
cy  variations  are  to  be  less  than  1  *  10"14. 


where  C  is  the  spin  exchange  shift  constant2  and 
y 2  is  the  atomic  full-width.  The  nominal  value  of 
this  shift  has  not  been  measured  yet,  but  is  esti¬ 
mated  to  1  Hz  according  to  H-maser  value.  A  va¬ 
riation  of  this  shift  should  be  attributed  to  a 
change  in  the  atomic  linewidth.  It  will  be  disre¬ 
garded  in  this  study. 


Cavity  pulling:  The  cavity  pulling  arises 
from  an  off-tuning,  Avc,  of  the  microwave  cavity; 
its  contribution  can  be  written: 


Av 


cp 


(17) 


where  Qci  is  the  loaded  cavity  Qt  and  is  the 
atomic  line  Q.  In  terms  of  the  coherence  relaxa¬ 
tion  rate,  equation  17  becomes: 


Av 

cp 


Av 
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(18) 


Possible  Improvement s 

The  systematic  effect  most  difficult  to  over¬ 
come  is  the  maser  frequency  dependency  on  the  cavi¬ 
ty  temperature.  Fortunately,  a  partial  oomponsat  irrr 
between  the  cavity  detuning  effect  and  the  buffer 
gas  shift  is  possible'  and  the  absolute  value  of 
the  buffer  gas  shift  coefficients  can  be  adjusted 
using  a  mixture18.  Methane  and  nitrogen  in  Liu  ra¬ 
tio  PcH4^N2  =  at  a  total  pressure  of  1A  \orrs 

should  give  the  right  compensation  and  leave  a  high 
maser  gain18. 

A  relative  frequency  shift  of  9  *  lO'^/kPa 
has  been  correlated  to  barometric  pressure  changes. 
The  maser  has  then  to  be  placed  in  a  rigid,  sealed, 
enclosure . 


A  four- layer  magnetic  shield  and  a  two-oven 
regulator  should  be  sufficient  to  reduce,  to  pro¬ 
per  levels,  the  magnetic  field  and  temperature  va¬ 
riations  of  the  ambient. 


This  shift  is  proportional  to  the  full  1 Inewt dth  and 
i  certain  compensation  can  be  realized  with  the  spin 
exchange  shift  (eq.  16).  In  usual  condition 
Qcj  -  3  *  104,  -  5  *  10',  so  for  Avc  -  5u0  Hz, 

Av  -  0.3  Hz. 
cp 

Variations  of  the  cavity  pulling  effect  are 
evaluated  from  the  relation: 


Finally,  the  light  shift  effect  is  not  belie¬ 
ved  to  be  a  limiting  factor  in  the  actual  design 
but  it  may  become  so  after  improvements.  It  will 
be  possible  to  limit  its  contribution  by  a  proper 
choice  of  temperature  at  the  sites  of  the  lamp 
bulb,  the  filter  cell  and  the  active  cell.  Also, 
a  light  intensity  automatic  control  system  has 
shown  to  be  effective*. 


d  Av 


cp 
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We  show  in  figure  5  a  lay-out  of  a  small  Rb 
maser  that  will  incorporate  the  conclusions  of 
this  study. 


The  first  two  terms  can  be  made  small  by  a  proper 
tuning  of  the  cavity17.  A  change  in  QcJ  can  be 
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Figure  1  Variation  of  the  Atomic  Power  a*  a  Function  of  the  Optical 

Pumping  Rate  at  the  Entrance  of  the  Bulb  Computation  i%  Done 
for  Three  Cavity  Temperatures  (T  318  K.  328  K  and  338  Kl 
and  Two  Output  Coupling  Coefficients  I  F  0  1  and  0  5> 
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Figure  4.  The  Rubidium  87  Maser  Oscillator  Short-Term  Frequency 

Stability  as  a  Function  of  the  Averaging  Time,  ,  For  Three  Cavity 
Temperatures  (318  K,  328  K  and  338  K).  For  Each  Temperature 
Setting,  the  Optical  Pumping  Rate  was  Fixed  to  a  Value  that 
Optimizes  Both  Noise  Contributions.  The  Points  are  Typical 
Experimental  Data,  the  Crosses  are  From  Recent  Measurements 
and  the  Circles  are  from  Reference  2. 


346 


J 


36th  Annual  Frequency  Control  Symposium  -  1982 


ON  THE  I.IOHT  SHUT  AND  BUFFER  UAS  SHUT  IN  PASSIVE  RUBIDIUM  fit:  If 


7anier,  R.  Kunskl,  p.  Paulin,  l.Y.  Savard,  M-  T€tu  and  N.  Cyr 


xh 

10 

si 

O  : 


itolre  de  Recherche  sur  l«^s  0$c llliteurs  et  Systdmes 
Departement  de  genie  electrlque 
University  Laval,  Quebe<  01k'  7°*  -•  C.  i.iada 


0  Results  of  calculation  and  measurements  on  the 
g  light  shift  and  buffer  gas  shift  in  passive  rubi- 
^^^Bdiinr.  frequency  standards  are  reported.  The  light 
shift  was  measured  for  two  configurations:  the 

^  ^  separated  filter  and  the  integrated  flLter  approa- 
ches.  A  phenomenological  analysis,  which  describes 

Owe  1 1  the  results  obtained,  is  presented.  Measure¬ 
ments  of  the  frequency  shifts  created  by  various 
buffer  gases-pure  or  mixture-  are  reported*  A  non- 
linear  dependence  of  frequency  versus  temperature 
is  observed.  The  results  are  compared  to  already 
published  data  and  a  simple  analysis  using  an  equa- 
,^m  1  tion  quadratic  in  temperature  is  used  to  explain 
"  those  results. 
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In  optically  pumped  passive  rubidium  frequency 
standards,  among  others,  two  important  systematic 
effects  take  place.  1)  The  light  shift.  This 
effect  is  caused  by  the  optical  pumping  Itself  used 
to  invert  the  population  of  the  ground  state  of  the 
rubidium  atom.  The  frequency  shift  produced  de¬ 
pends  on  the  setting  of  many  parameters  such  as 
lamp  temperature,  hyperfine  filter  temperature,  if 
vised ,  and  resonance  cell  temperature.  Since  the 
light  intensity  may  change  with  time,  this  effect 
may  be  a  cause  of  frequency  instability.  2)  The 
buffer  gas  shift.  The  buffer  gas  is  required  to 
inhibit  wall  relaxation  and  Doppler  broadening, 
however,  collisions  between  buffer  gas  and  rubidium 
atoms  cause  a  shift  In  the  hyperfine  frequency  of 
the  rubidium  atoms. 

We  would  like  to  report  briefly  on  some  recent 
theoretical  and  experimental  results  relative  to 
these  two  topics. 

Light  Shift 

Two  approaches  have  been  used  extensively  in  the 
fptical  pumping  of  rubidium  frequency  standards 

|L.21- 

a)  Se£ar.ited_  Miter  aj>j>roach_.  In  that  rase  a 
ribldium  RS  "hyperfine  filter  is  inserted  between 
the  lamp  and  the  resonance  cell.  The  primary  func¬ 
tion  of  t lie  filter  cel!  is  t  *  create  an  asymmetry 
i  '  i  he  punping  speetril  line-  and  consequently  to 
the  optical  ptjnping.  more  efficient.  however. 


that  filter  produces  also  a  strong  distortion  of 
the  spectral  line  profiles.  The  resulting  effect 
is  a  frequency  shift  in  the  ground  state  hyperfine 
transition  used  for  frequency  control  in  the  stan¬ 
dard.  The  light  shift  is  proportional  to  the  light 
intensity : 

Av#,s  ~  al*o 

where  aj  is  the  light  shift  coefficient  and  IQ 
is  the  light  intensity  at  the  resonance  cell*  The 
coefficient  is  essentially  a  parameter  which 

is  a  function  of  the  coincidence  between  the  pum¬ 
ping  lines  and  the  resonance  cell  lines.  As  a 
first  approximation  we  may  take  it  as  a  linear 
function  of  the  filter  cell  temperature  over  the 
narrow  range  of  temperature  studied  [3].  On  the 
other  hand,  we  assume  that  the  light  intensity 
Io,  at  the  resonance  cell,  is  a  decreasing  linear 
function  of  the  filter  cell  temperature.  We  thus 
write: 


1 o( f F >  "  Io(to)[l-KF(tF-t0)]  (3) 

where  t0  Is  the  temperature  for  which  the  light 
shift,  AV£g,  Is  zero  and  Kp  is  a  constant 
giving  the  fractional  change  In  the  intensity  I0, 
with  the  filter  temperature.  The  light  shift  can 
thus  be  written  as: 


"  to)"  kf^F  ”  co>  J 


Qy  Fo  =  8pl0(to)  (5) 

(H)  po  Is  the  filter  cell  temperature  coefficient 
at  tp  *  t0  where  the  light  shift  is  zero. 
Figure  1  illustrates  the  effect  for  a  filter  cell 
containing  40  Torr  of  arg  >n.  The  points  are  expe¬ 
rimental  while  the  solid  line  is  a  computer  fit  of 
equation  (4)  to  the  data.  It  is  observed  that  the 
agreement  between  the  theory  and  the  experimental 
data  is  quite  good  and  that  the  simple  phenomenolo¬ 
gical  theory  outlined  above  explains  quite  well  the 
experimental  data.  Similar  results  were  obtained 
with  filler  cells  containing  argon  at  higher  pres¬ 
sures.  The  results  are  summarized  in  table  1*  It 
is  observed  that  a  reduction  of  the  temperature 
coefficient  is  observed  in  filters  filled  with 
buffer  gas  at  higher  pressures. 
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b)  Integrated  filter  approach.  In  that  approach, 
the  hyperflne  filtering  Is  done  directly  in  the 
resonance  cell.  This  is  accomplished  by  using,  in 
the  resonance  cell,  natural  rubidium  which  contains 
approximat ly  70%  of  rubidium  85.  A  typical  result 
obtained  with  a  resonance  cell  filled  with  nitrogen 
at  a  pressure  of  9.5  Torr,  is  shown  in  figure  2. 
In  that  case  the  lamp  contained  a  mixture  of  50% 
rubidium  87  and  50%  of  natural  rubidium.  It  is 
observed  that  there  exist  a  light  intensity  for 
which  the  hyperflne  frequency  is  essentially  inde¬ 
pendent  of  the  resonance  cell  temperature.  These 
results  can  be  explained  as  follows.  The  filtering 
effect  that  takes  place  in  the  absorption  cell  has 
associated  with  it  a  negative  temperature  coeffi¬ 
cient  of  the  same  nature  as  the  one  observed  in  the 
case  of  the  separated  hyperflne  filter  technique. 
At  75  °C  we  expect  this  coefficient  to  be  of  the 
order  of  several  parts  in  1010  (negative)  per  °C, 
depending  on  light  intensity.  On  the  other  hand, 
the  buffer  gas  in  the  resonance  cell  creates  a 
temperature  coefficient  which,  in  the  case  of  ni¬ 
trogen  at  a  pressure  of  9.5  Torr,  is  +  7  x  IO“10 
per  °C.  These  two  coefficients  are  thus  expected 
to  cancel  each  other  at  least  partly,  and  this  is 
what  is  observed  experimentally.  However,  we  can¬ 
not  go  too  far  in  this  type  of  analysis  because  the 
light  Intensity  is  a  function  of  the  position  in 
the  cell.  Consequently  the  integrated  filter  tem¬ 
perature  coefficient  is  also  a  function  of  position 
and  it  cannot  be  cancelled  completly  by  the  buffer 
gas  temperature  coefficient  which  is  homogeneous 
throughout  the  resonance  cell.  This  appears  to  be 
the  reason  why,  in  figure  2,  the  lines  do  not  cross 
at  a  single  point. 

Buffer  gas  shift 

The  buffer  gases  used  to  inhibit  wall  relaxation 
produce  a  frequency  shift.  This  shift  is  tempera¬ 
ture  dependent.  In  the  past,  an  equation,  linear 
with  temperature  was  used  to  explain  the  data- 
(A,5j.  We  have  found  that  an  expression  of  the  se¬ 
cond  degree  In  temperature  was  required  if  a  better 
fit  to  the  experimental  data  was  desired.  A  typi- 
pical  result  is  shown  in  figure  (3)  for  a  cell  con¬ 
taining  nitrogen  at  a  pressure  of  AO  Torr.  The 
points  are  experimental  while  the  solid  line  Is  a 
computer  fit  of  the  following  expression  to  the 
experimental  data: 

u  +  V3or  +  4orAT  +  *oriT2i 

Pr  is  the  pressure  at  time  of  seal  off;  AT 
stands  for  (tc  -  tco) ,  where  tc  is  the  cell 
temperature  and  tco  is  a  reference  temperature 
normally  set  equal  to  60  °C.  The  coefficients 

‘'or  •  6or  and  for  are  respectively  the 
zero,  first  and  second  order  temperature  coeffi¬ 
cients  measured  at  temperature  tro«  Table  2 
gives  the  most  probable  values  of  the  coefficients 
for  the  buffer  gases  most  often  used.  The  values 
were  obtai ned  by  making  averages  of  published  data 
[5,6,7].  The  quadratic  effect  with  temperature  has 
also  been  measured  In  the  case  of  mixtures  of 
buffer  gases  with  opposite  temperature  coeffi¬ 
cients.  A  typical  result  is  shown  in  figure  A,  for 


a  mixture  of  nitrogen  and  argon.  The  points  are 
experimental  while  the  solid  line  is  a  computer  fit 
to  the  experimental  data,  of  equation  (6)  applied 
to  the  mixture.  It  is  quite  clear  that  in  such 
mixtures  a  zero  temperature  coefficient  is  possible 
only  at  a  given  temperature. 

It  is  important  to  point  out  that  in  the  case  of 
buffer  gas  mixtures,  systematic  effects  such  as 
those  introduced  by  the  light  shift  described  abo¬ 
ve,  may  become  visible  if  great  care  is  not  taken 
to  adjust  the  hyperflne  filter  temperature  such  as 
to  make  aj  ■  0.  Furthermore  it  is  possible  that 

in  same  cases,  the  residual  rubidium  85  isotope,  in 
the  resonance  cell  has  an  effect  on  the  light 
shift.  In  our  sample  of  purified  rubidium  87,  the 
isotope  85  had  a  concentration  of  about  1%.  It  may 
then  act  as  an  integrated  hyperflne  filter.  We 
have  observed  that  our  cells  behave  a6  if  that 
effect  was  taking  place.  However,  it  is  possible 
that  inhomogeneous  light  shifts  which  are  present 
at  high  temperatures  may  be  responsible  for  the 
effects  observed. 

Summary  and  conclusions 

In  this  article  we  have  examined  briefly  two 
phenomena  which  take  place  in  passive  rubidium 
frequency  standards:  the  light  shift  and  the  buffer 
gas  shift.  We  have  shown  that  regarding  the  light 
shift  two  approaches  can  be  used:  the  separated  and 
the  integrated  hyperflne  filter  approaches.  It 
appears  that  in  the  integrated  filter  technique, 
both  the  temperature  coefficient  of  the  cell  and 
the  light  shift  can  be  made  equal  to  zero  if  the 
proper  buffer  gas  pressure  is  used.  This,  however, 
fixes  the  cell  frequency.  On  the  other  hand  more 
freedom  relative  to  buffer  gas  mixtures  and  fre¬ 
quency  setting  exists  in  the  separated  filter  ap¬ 
proach.  However,  one  is  left  with  a  strong  tempe¬ 
rature  coefficient  in  the  filter  cell. 

Concerning  the  buffer  gas  shift,  we  have  shown 
that  in  the  case  of  a  mixture  of  buffer  gases,  the 
second  order  temperature  coefficient  cannot  be 
neglected.  Much  care  must  be  used  in  the  filling 
of  cells,  otherwise  a  temperature  coefficient  dif¬ 
ferent  from  the  one  desired  may  result. 
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Figure  1.  Variation  of  the  Rubidium  Resonance  Frequency  vr 
As  a  Function  of  the  Filter  Cell  Temperature  tp.  The 
Points  are  Experimental  While  the  Solid  Line  is  a  Com 
puter  Fit  of  Equation  (4)  to  the  Experimental  Data. 
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Figure  2.  Integrated  Filter  Approach.  Variation  of  the  Rubidium 
Resonance  Frequency  with  the  Light  Intensity.  The 
Absorption  Cell  Temperature  tc  is  the  Parameter. 
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Figure  3.  Variation  of  the  Frequency  of  a  Rubidium  Cell  Con 
taining  Nitrogen  at  a  Pressure  of  40  Torr.  The  Con 
stant  and  Linear  Terms  have  been  Subtracted  from 
the  Data.  The  Points  are  Experimental  While  the  Solid 
Line  is  a  Computer  Fit  of  Equation  (6)  to  the  Data. 
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Figure  4.  Resonance  Frequency  of  a  Cell,  Containing  a  Mixture  of 
Nitrogen  and  Argon,  as  a  Function  of  Temperature. 


Table  1 

Characteristics  of  the  Three  Separated  Hyperfine  Filters 
Used  as  Determined  by  Means  of  a  Computer  Fit  to  the 
Experimental  Data.  In  this  Table,  Tm  is  the  Temperature 
at  Which  the  Minimum  of  the  Curves  Appears.  Argon  and 
Rubidium  85  were  used  in  the  Hyperfine  Filter  Cells. 
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Ctorr] 

t 

0 

C°C] 

BUB 

Kp 

[“cr1 

CeC] 

F-40 

c 

64.2 

-  1.31 

m 

90.1 

F-80 

79.5 

67.0 

-  1.27 

90.8 

F-120 

123.6 

70.6 

-  1.08 

91.6 

Table  2 

Average  Value  of  the  Buffer  Gas  Coefficients 
Reported  in  the  Literature,  Including  Measurements 
Made  During  the  Cause  of  the  Present  Study. 
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Summary 


Single  mode  semiconductor  lasers  are  available 
with  free-running  noise  characteristics  comparable 
to  single  mode  gas  lasers  but  demonstrate  a  (l/f)*s 
dependence.  The  free  running  laser  diode  emission 
is  spread  over  several  MHz  with  significant  fre¬ 
quency  instability.  SnPlI  amounts  of  feedback  on 
the  order  of  10*’  to  10*5  enhance  laser  emission 
as  the  line  is  observed  to  narrow  to  approximately 
100  kHz  accompanied  with  a  substantial  increase  in 
frequency  stability.  Greater  amounts  of  feedback 
causes  rapid  deterioration  of  the  emission  charac¬ 
teristics  . 


We  have  investigated  single  mode  GaAlAs  semi¬ 
conductor  lasers  emitting  at  830  nm  for  use  as 
possible  sources  in  fiber  optic  sensor  systems.1 
These  lasers  have  been  characterized  in  terms  of 
spectral  quality,  intensity  noise  and  frequency 
stability.  A  list  of  the  various  lasers  including 
laser  structure  and  special  features  is  shown  in 
Table  I. 

/\ 

Table  I  Lasers  tested  including  laser  structure 
and  special  features. 


waveguide  refractive  index,  called  index  guided 
lasers,  and  those  in  which  the  light  beam  is  formed 
by  the  distribution  of  the  gain  in  the  active  medi¬ 
um.  All  of  the  above  lasers,  except  the  Buried 
Keterostructures  (BH),  fall  into  the  latter  cate¬ 
gory.  The  channel  substrate  planar  (CSP),  the 
gaussian  substrate  planar  (GSP),  the  transverse 
junction-stripe  (TJS),  and  the  proton  bombarded 
buried  stripe  (PBBS)  all  use  index  guiding  trans¬ 
verse  to  the  plane  of  the  junction  to  eliminate  all 
but  the  fundamental  transverse  mode  and  allow  the 
pumping  medium,  such  as  electron  flow,  to  determine 
the  lateral  beam  dimensions.  This  kind  of  design 
allows  higher  output  power  with  less  waveguide 
material  damage.  The  primary  difference  between 
these  two  categories  of  lasers,  as  far  as  will  be 
discussed  in  this  paper,  is  the  emission  character¬ 
istics  in  the  presence  of  optical  feedback.  In 
general,  however,  in  the  free  running  mode  (no 
optical  feedback)  all  of  these  lasers  show  similar 
characteristics  in  emission  linewidth,  intensity 
noise,  and  frequency  stability. 

The  intensity  stability  of  the  lasers  was 
measured  by  radiating  a  photodiode  with  the  laser. 
The  noise  voltage  developed  across  the  load  resis¬ 
tor  R  of  the  photodetector  (running  photoconduc- 
tively)  by  the  current  is  given  by 


dV  «  dl ' 


Sppopl  Fwium 


1  G»n#r»l  Ophomci  TB4  7  P  B  BH 

2  Lit*'  Diod*  SCW  2t  GSP 

i  MUSUISMI  Mi  4307  TJS 

4  MITATCMI  Ml  P  1400  CSP 

5  MITATCMI  HIP  2400U  BM 

6  MITATCMI  MIP  3400  BM 


Tellurium  Mwk  Low  Spontaneous 
Emission  Current  Confinement 
Window  Index  Guided 
Gaussian  Profile  Gam  and 
indes  Guided 

Strong  Lateral  Index  Guided 
Weak  Gam  Confinement 
Gam  and  Index  Guided 
index  Guided  Low  Threshold 
index  Guided  Higher  Current 
Oeneity  Capability 


where  I'  is  an  rms  broadband  noise  source  normal¬ 
ized  to  a  1  Hz  bandwidth.  Since  the  photodetector 
is  a  square-law  device,  the  voltage  is  proportional 
to  the  intensity  or  square  of  the  light  amplitude 

V  »  I  =  1 A !  2  (2) 

If  this  is  treated  as  an  optical  power,  the  noise 
or  intensity  stability  may  be  written  in  dB  as:^ 

d-y  (dB)  =  10  log  (d|)  (31 


While  each  laser  is  limited  to  a  single  longi¬ 
tudinal  mode  each  type  of  laser  structure  has 
unique  spectral  characteristics .  These  lasers  can 
be  separated  into  two  broad  categories.  Those  in 
which  the  light  beam  is  guided  strictly  by  the 


All  of  the  work  reported  here,  unless  otherwise 
stated,  was  done  with  a  10  k  load  and  normalized 
to  a  1  Hz  bandwidth. 

Shown  in  Fig.  1  is  a  plot  of  the  intensity 
stability  of  several  types  of  semiconductor  lasers 
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F i . j .  1  Free  running  diode  laser  intensity  noise 
in  terms  of  optical  power  as  a  function 
of  frequency. 

Character! sti c  ot  all  semiconductor  intensity  noise 
i;  the  quasi  (l/f)'72  frequency  dependence-’’5  in 
the  low  frequency  regimes  (f  ■  1  MHz).  The  laser 
exhibiting  the  lowest  intensity  noise  is  a  CSP 
device  specially  developed  by  Hitachi  for  low 
noise  ooeration.  When  compared  to  the  data  for 
earlier  CSP  devices  in  the  top  trace,  the  progress 
in  development  of  these  devices  can  be  seen. 


Fiqure  2  is  a  plot  of  the  laser  int  nsity 
nnise  as  a  function  of  forward  drivinq  current. 
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Shown  as  a  solid  line  is  the  light  output  charac¬ 
teristics  of  ther  laser  i  ’  arly  demonstrating  the 
laser  threshold. 5  Figure  2  shows  data  taken  for  the 
low  noise  CSP  laser  demonstrating  the  decrease  of 
intensity  noise  with  forward  driving  current  above 
threshold. 

The  emission  linewidth  of  the  lasers  varied 
widely,  but  all  was  on  the  order  of  10  to  100  MHz . ® 
The  frequency  stability  of  these  devices  was 
measured  by  means  of  an  unbalanced  Michelson  in¬ 
terferometer.  Frequency  jitter  in  the  laser  source 
is  observed  as  an  amplitude  noise  at  the  output  of 
an  unbalanced  Michelson  interferometer.  Data 
showing  the  frequency  fluctuations  in  a  tyrical  CSP 
laser  is  shown  in  Fig.  3.  where  the  frequency 
fluctuations  were  observed  with  a  2  cm  optical 
pathlenqth  difference.  All  measurements  are 
normalized  to  a  1  Hz  bandwidth. 


1 - 1 - 1 - ^ - r 


1  10  100  Ik  10k 


FREQUENCY  (Hz) 


Fig.  3  Frequency  fluctuations  for  a  CSP  laser  as 
a  function  of  frequency  with  a  1  Hz  band¬ 
width.  Measurements  made  with  an  unbal¬ 
anced  Michelson  interferometer  with  a 
2  cm  optical  oath  difference. 

While  the  data  shown  in  Fig.  3  represents  only 
one  laser,  all  lasers  exhibited  similar  character¬ 
istics.7  For  the  six  lasers  tested  at  2  kHz,  the 
Frequency  fluctuations  were  between  9-20  kHz. 
Interestingly,  while  both  the  intensity  noise  and 
frequency  fluctuations  all  exhibit  a  (1/f)'7^ 
frequency  dependence,  the  twg  noise  sources  are 
only  nartial’y  correl ated .  Figure  4  shows  the 
donendence  of  phase  noise  on  the  forward  drivinq 
current.  This  data  shows  that  with  increased  dri¬ 
vinq  current  frequency  fluctuations  tend  to  remain 
constant.  The  siqnificance  of  this  characteristic 
will  be  discussed  later  in  conjunction  with  emis¬ 
sion  linewidth  narrowinn. 

Optical  feedback  from  external  reflectors 
induce  chanqes  in  the  spectral  emission  character¬ 
istics  of  the  laser.  Feedback  on  the  order  of 
!0*7  to  10*4  some  diode  lasers  has  been  observed 
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Fig.  4  Dependence  of  the  relative  frequency 

fluctuations  with  forward  driving  current. 

to  cause  a  reduction  in  emission  linewidth  on  the 
order  of  10-3  Hz.'"’''  In  the  emission  linewidth 
data  presented  in  Fiq.  5,  several  CSP  lasers  and 
a  PH  laser  were  measured  as  a  function  of  optical 
feedback  into  the  laser  cavity.  A  detailed 
description  of  the  experiment  can  be  found  in 
Ref.  10.  A  60  cm  external  cavity  was  used  to 


Fig.  S  Optical  feedback  induced  line  narrowing 
using  a  60  cm  external  cavity. 


with  a  time  delay  of  4  usee  corresponding  to  a 
frequency  resolution  of  approximately  100  kHz.  The 
direct  optical  signal  was  divided  by  a  3  dB  beam 
splitter  with  one  arm  frequency  shifted  by  means  of 
an  acousto-optic  modulator  operating  at  90  Mhz. 

The  two  beams  were  fed  into  a  single  mode  fiber 
with  the  frequency  shifted  light  traveling  in  a 
short  piece  of  fiber  while  the  other  arm  provided 
a  4  usee  delay.  When  the  output  of  these  two  fi¬ 
bers  were  recombined  at  the  avalanche  photodetector 
a  frequency  resolution  of  about  100  kHz  was  oossi- 
ble.  Measured  data  shown  in  Fig.  5  are  normalized 
to  the  free  running  (no  feedback)  laser  linewidth. 
In  all  cases,  the  feedback  phase  angle  was  adjusted 
to  obtain  a  minimum  linewidth.  Linewidth  was  found 
to  vary  with  both  amplitude  and  phase  of  the  feed¬ 
back.  The  line-width  reduction  assuming  maximum 
phase  coupling,  can  be  calculated  by  using  a  model 
developed  in  Goldberg  et  al  JO  where  the  full 
width  half  max  linewidth  is  given  by 


ixl/2  * 


__cio_ 

(  1  +Y ) ^ 


( 4 


and 

OjMlZ  1 

Y  "  .'R1  n  £ 

where  >0  is  the  free  running  linewidth,  and  Ri  the 
laser  facet  reflectance,  r  is  the  external  reflec¬ 
tance,  and  L  the  external  cavity  length  with  .  the 
diode  laser  cavity  lenath.  The  solid  line  in  Fiq. 
5  is  the  calculated  linewidth  using  eqs.  4  and  5. 


Accompanying  the  reduction  in  linewidth  for 
feedback  in  this  region  is  an  increase  in  frequency 
stability.  Figure  6  shows  data  taken  for  two 
different  laser  structures,  CSP  and  8H ,  resoect i ve- 
ly.  The  frequency  instability  (exhibited  as  an 
amplitude  fluctuation  in  an  interferometer)  was 
measured  using  a  Fabry-Perot  interferometer  (rnp 
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provide  feedback.  The  emission  linewidth  was  Fig.  6  Optical  feedback  reduction  nf  frequency 

measured  using  a  delayed  self-heterodyne  technique,''  fluctuations. 
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in  a  non-scanning  mode.  The  FPI  mirror  separation 
was  controlled  piezoelectrical ly  and  held  at  about 
0.70  of  the  resonance  peak.  In  this  configuration, 
wavelength  fluctuations  of  the  laser  source  are 
observed  as  relatively  large  fluctuations  in  the 
Fi’I  transmission  intensity.  In  Fig.  6,  the  upper 
curve  for  each  laser  was  taken  with  no  feedback 
wtnle  the  lower  trace  was  taken  with  a  feedback 
o*  x  10*5.  The  FPI  free  spectral  range  is  8.8 
iiiz  with  a  finesse  of  50.  A  reduction  by  a  factor 
of  approximately  10  was  seen  for  each  laser. 

Although  linewidth  has  been  observed  to  de¬ 
crease  with  forward  drive  current  in  external  cavi¬ 
ty  diode  lasers,'  2  frequency  stability  does  not  seem 
to  improve  as  was  seen  in  the  data  presented  in 

Fig.  4. 


As  Feedback  is  increased  beyond  10-4  linewidth 
is  observed  to  increase  in  nearly  all  lasers.*3 
Accompanying  this  is  a  rapid  deterioration  of  the 
spectral  characteristics  including  an  increase  in 
intensity  noise  as  the  light  fed  back  from  the 
external  cavity  causes  the  laser  to  switch  longi¬ 
tudinal  modes.3  This  kind  of  performance  was 
observed  to  be  quite  pronounced  for  gain  guided 
lasers  as  small  increases  in  feedback  caused  self 
pulsation  to  occur.  The  self  pulsation  creates 
-a'ellite  modes  spaced  on  the  order  of  3  to  5  GHz 
t :  c'i  'he  fundamental  as  seen  in  Fig.  7  for  a  CSP 
laser.  As  the  amount  of  feedback  is  increased 
f”f  .VT 1  i  1  ude  of  the  satellite  modes  grow  and 
hvp’pr  order  harmonics  begin  to  appear.  The 
f spacing  of  these  modes  are  observed  to 
b-  ■  jrrent  dependent,  but  vary  between  2  to  5 
For  feedback  greater  than  10-3  the  laser 
runs  multimode  and  the  linewidth  quickly  broadens 
•'■pm  the  free  running  linewidth  of  a  few  FiHz  to 
j'.vr  10  GHz. 6  The  data  presented  in  the  lower 
portion  of  Fig.  7  shows  the  maximum  obtainable 
intensity  fluctuations  in  dB  as  a  function  of  feed¬ 
back.  Each  data  point  represents  the  maximum  noise 
obtainable  by  varying  the  phase  and  holding  the 
: ’ xhiu t  of  feedback  constant.  Both  the  minimum  and 
maximum  obtainable  noise  is  plotted.  This  data 
indicates  that  as  the  spectral  qualities  of  the 
laser  deteriorates ,  with  a  substantially  broadened 
«"iss ion  line,  and  with  more  output  spread  into 
'tio'er  mier  longitudinal  modes,  interaction  be¬ 
tween  tne  laser  output  and  the  1  ight  fed  back 
d-’f. reaves  and  the  maximum  amount  of  noise  obtainable 
h-'-'i'in  *.  i  decrease.  However,  the  minimum  noise 
i a  . 'r  ises  to  a  point  where  the  two  become  equal 
u  :  reuse  together  to  the  value  of  the  free 

'  ”  :  laser  !  no  feedback  easel  as  the  feedback 
in. reuses  beyond  10* 1 . 

set 'nd  method  for  reducing  frequency  fluctu- 
<*  ■■■>  "  ikes  use  of  a  current  feedback  scheme. '3 

■  fh>is  method,  a  reduction  in  frequency  fluctu- 

■  i  ”  by  'hrru-  orders  of  magnitude  has  been 

i  ■  •  i  !  it  low  frequencies  (•  5  Hz)  and  by  a  fac- 

•  '  ,t  hi  at  250  Hz.  A  schematic  diagram  of  the 

•  ■  • .  ■  •'  i ■  "-nt  is  shown  in  Fig,  8.  Liqht  Output  from 

1  a  an'  is  lolimafed  and  split  two  beams-  One 
l"u  ■  v  dini.’ly  xinitored  by  a  large  area  pho  to¬ 
rn  a  ret  analyzed  by  a  spectrum  malyzer  which  is 

•  '  ‘  ‘  'U  '  ir.e  tne  amplitude  noise.  The  other 
H  i  -  ‘  ■  .[,v  ’rrquqh  a  iahry-Perot  inter'ferometer. 


(a)  SPECTRAL  PROPERTIES 
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(b)  FEEDBACK  INDUCED  NOISE 
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Fig.  7  Optical  feedback  induced  effects  on 
spectral  properties  of  CSP  laser  for 
feedback  greater  than  10  . 

In  this  experiment  the  Fabry-Perot  had  a  free  spec¬ 
tral  range  of  7.5  GHz  and  a  finesse  of  55.  A  small 
area  photodiode  was  used  to  detect  this  output. 

This  output  was  also  monitored  with  a  spectrum 
analyzer  which  is  used  to  monitor  the  phase  noise. 
The  output  of  this  photodiode  was  also  directed 
into  a  current  feedback  compensator,  which  in  tun 
perturbs  the  current  supply  with  a  correction  vol¬ 
tage.  The  circuit  works  such  that  when  the  vol  ta$* 
output  of  the  photodiode  corresponds  to  rh>  shnr 
slope  of  the  Fabry-Perot  response,  the  err.o-  sig¬ 
nal  applied  to  the  laser  current  supply  is  zero. 
However,  when  the  laser  shifts  frequency,  the 
voltage  change  on  the  output  detector  of  the  Fabnv- 
Perot  creates  a  voltage  which  is  applied  to  the 
laser  current  supply  as  a  correcting  perturbation 
proportional  to  the  frequency  shift.  The  reduction 
in  frequency  fluctuation  noise  is  shown  in  r i a .  b. 
The  free  running  laser  frequency  noise  is  shown 
in  the  upper  trace.  It  should  be  noted  that  th i ■- 
noise  contribution  is  2.5  orders  of  magnitude 
greater  than  the  intensity  fluctuations  of  the  tree 
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running  laser.  The  lower  trace  shows  the  reduction 
in  frequency  fluctuation  when  the  compensating 
ircuitry  is  switched  on. 

in  summary,  the  free  running  lasers  that  are 
reported  here  have  shown  intensity  fluctuation 
on  the  order  of  -60  dB  at  10  kHz,  and  for  some  low 
noise  devices  on  the  order  of  -70  dB  at  10  kHz. 
Emission  1  ,'newidths  are  typically  between  1  and 
100  MHz  and  varies  from  laser  to  laser.  These 
lasers  show  frequency  instabilities  on  the  order 
of  50  kHz/ -  Hz .  It  has  been  shown  that  these 
characteristics  can  be  altered  significantly  by 
small  amounts  of  feedback.  Feedback  from  large 
'■xtcrnal  cavities  on  the  order  of  10*"  to  10'*' 


have  caused  the  emission  linewidth  to  narrow  by  a 
factor  of  10"3  to  on  the  order  of  100  kHz.  This 
spectral  narrowing  is  accompanied  by  a  reduction 
in  frequency  fluctuations  by  a  factor  of  10.  For 
greater  amounts  of  feedback,  self  pulsations  can 
be  initiated  in  gain  guided  devices,  causing  side 
bands  to  appear  in  the  emission  characteristics. 

The  side  bands  are  spaced  in  frequency  1  to  5  GHz 
from  the  fundamental  and  this  frequency  spacing  is 
seen  to  be  dependent  upon  forward  driving  current 
values.  With  this  amount  of  feedback,  the  laser 
has  been  observed  to  have  increased  modal  noise  as 
well  as  eventual  multi  longitudinal  mode  emission. 

A  method  of  reducing  frequency  fluctuaticis  on  the 
order  of  2.5  orders  of  magnitude  at  low  frequencies 
(f  <  .5  kHz),  was  described  and  the  results  shown 
for  low  frequencies. 
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ULTRA-STABLE  LASER  CLOCK 
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Summary 

The  Air  Force  has  requirements  for  both  high 
accuracy  timing  sources  and  precision  inertial  navi¬ 
gation  systems  for  advanced  fighter  aircraft.  The 
author  has  devised  a  method  ol  using  a 
multi-frequency  ring  laser  gyro  (RLG)  simultaneously 
as  a  gyro  and  as  a  clock.  This  device  uses  a 
mutli-frequency  RLG  with  an  auxiliary  detector  to 
sense  a  533  MHz  beat  frequency,  and  necessary- 
electronics  to  produce  a  5  MHz  clock  signal. 

Testing  was  accomplished  on  two  RLGs.  The 
test  RLG  was  not  operational  as  a  gyro  at  low- 
rotation  ru tes.  The  stability  data  was  good  between 
I  -nsec  and  200  msec,  but  started  to  degrade  at 
longer  integration  ti  nes.  The  second  RLG  tested  was 
i  i  operational  gyro,  although  not  tested  as  such  in 
lilt-  experiment.  The  frequency  stability  data  was  4.6 

x  I  j  "  ‘  J  tor  1  -nsec.  3.4  x  lb  '  1  tor  10  msec,  3.700  x 
1  0  '  1  1  tor  0. 1  ser  ,  |  ,h  X  1  0  '  J  for  1  se<  ,  4. 5  x  1 0  '  J 

lor  10  sec,  and  4.3  x  10  tor  100  sc  .  The  data  is 
I  lant'jm  limited  from  I  msec  to  20 0  msec.  The 
long-term  degradation  was  apparently  caused  by 
temperature  drift  in  the  Faraday  rotator.  A  method 
of  compensation  to  improve  uo  uracy  is  suggested. 

The  RLG  clock  is  a  transfer  frequency  standard 
wni'  ii  must  be  set  to  a  referenie  before  use.  Setting 
could  be  accomplished  by  using  the  t,lol)al  Positioning 
Sxsten  K.PM,  the  Joint  Tactical  Information  Oistn- 
b  ition  System  OTIOS),  radar  techniques,  or  physical¬ 
ly  connecting  a  time  standard  to  the  RLG  <|i*k. 

Key  words.  Helium-Neon,  Laser.  Ring  Laser. 

i  llo*  k ,  Frequency  standard.  Transfer  Frequency 
standard. 

Introduction 

The  objective  of  this  paper  is  to  demonstrate  the 
isibilitx  of  lung  a  multi- h  equen.  .  ring  laser  to 

ii  n  il f.tueously  provide  gyro  .in.l  .  In.  k  outputs.  The 
i  loi  h  output  is  a  sgy  MH/  beat  frequency  tween 
two  upti-  a  I  .nodes  at  the  lase".  I  he  only  it  .  an  also 
be  counted  down  tvs  near  3  MH.r.  Some  appli  ation  of 
preiisiou  tuning  sources  are  hi-static  radar, 
so.  ure/anti-)ans  <  v>m  nuni-'.ition,  and  nr.  ralt  identi- 
ti  ition  ,i -loui-  s.  Prevision  navigation  is  needed  to 
support  finite'  air  raft  missions. 


Theory 


Background 


Clock  accuracy  is  characterized  by  the  standard 
deviation  of  the  frequency  fluctuations  and  may  be 

u/rift^n  at 

3y(T)  jj 

m  _  -  x  ?  1 

v  ( Yk+1  -YkT 
,  ,  5m 

k=l  (la) 

where  ]  ( 

'tk+Tt(t)dt 

vk  =  ~rj 

tk  2-0  (‘b) 

and  o  is  the  nominal  frequency,  m  is  the  number  of 
measurements,  t  is  the  integration  time,  t  is  time 
rate  of  change  of  the  instantaneous  phase  fluctua¬ 
tions  and  "  ( r)is  the  Allan  variance. 1 

The  multi- frequency  RLG  produces  four  laser 
frequencies.  The  cavity,  shown  in  Figure  I.  which  is 
non-planar,  allows  only  circularly  polarized  light. 
The  cavity  also  produced  a  frequency  difference 
between  the  right  and  left  hand  circularly  polarized 
(RH<'P  &  LHCP)  inodes.  The  average  beat  frequency 
between  RHCP  and  LHCP  is  given  by 

v  beat  =  — - 

2  nl 

where  C  is  the  speed  of  light  iu  a  vacuum  and  r,l  ,s 
the  average  optical  path  length. 

Figure  2  shows  the  gain  curve  for  RLG  1/18.  Here  , 
is  the  frequency  of  the  clockwise  LHCP  mode,  ^  is 
the  frequency  of  the  counterclockwise  LHCP  mode. 

j  is  the  frequency  of  the  counterclockwise  RHCP 
mode,  and  ^  is  the  frequency  of  the  clockwise 
RHCP  mode.  This  configuration  does  not  work  as 
gyro  because  the  clockwise  (CW)  and  counter,  loc  i 
wise  (CCW)  trequencies  are  the  same  frequency. 
This  is  because  of  the  frequency  lock-in  phenomenon 
at  low  rotation  rates. 

Figure  3  shows  the  gain  curve  for  RLG  //OS.  This 
configuration  contains  a  Faraday  rotator,  which  is  ,i 
non-reciprocal  optic,  i  device  that  uses  the  Faradjv 
effect  to  split  the  G.1&  mode  from  the  CC'L  mode. 
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viyro  Operation 


RLG  //b$  operates  as  a  gryo  and  the  output  is 
obtained  by  optically  beating  the  LHCP  modes  and 
the  RHCP  modes.  The  difference  between  two  beat 
frequencies  is  shown  in  Figure  4.  The  gyro  output  is 
given  by 


qyr0  -  (M  '  3)  -  (v2  *  ’I)  •  S 


(3) 


where  -T  is  the  angul^  input  rate  and  S"1  is  the 
scale  factor  of  the  gyro. 


Clock  Only  Operation 

Laser  // 1 8  produces  a  clock  frequency  y  clock 
given  by 

'clock  =  4  -  vj 
3  -  '2 


(CW)  (4a> 

(CCW)  (4b) 


where  the  CW  beat  is  the  same  as  the  CCW  beat. 


Clock/Cyro  Operation 

Laser  # 68  produces  a  clock  frequency  v  clock 
given  by 

clock  (CW)  =  4-1  (5a) 

clock  (CCW)=  -3  --2  (5b) 

where  the  v  clock  (CW)  is  about  800  KHz  higher  than 
clock  (CCW).  The  clock  processing  electronics  is 
shown  in  Figure  5.  The  two  optical  frequencies  are 
focused  on  an  avalanche  photo  diode.  The  signal  is 
amplified  and  filtered.  The  output  can  then  be  taken 
directly  or  counted  down  by  120.  The  output  was 
tested  in  both  configurations. 

Recommended  Clock/Gyro  Operation 


The  clock  frequency  drift  is  due  to  temperature 
effects  in  the  Faraday  rotator.  The  Faraday  fre¬ 
quency  drift  .*  •  p  is  given  by 


F  =  ul  =  (  t.  +>ip  (n-1 ) )  .'iT 
F  T  ’ 


(6) 


where  vp  is  the  Faraday  frequency,  AT  is  the  change 
in  temperature,  T  is  the  temperature,  ai  is  the 
temperature  roeffirient  of  the  index  of^r^raction 
and  ifl  is  the  eo^f  fir  lent  of  expansion  (K  '  of  the 
Faraday  rotator.  The  Faraday  rotator  temperature 
sensitivity  has  to  be  corrected.  This  is  accomplished 
b>  use  of  dual  detectors  as  shown  in  Figure  6. 


The  Faraday  stahli/.ed  clock  frequency  is  given 

bv 


clock  =  (  4  -  l)  M.j  -  .■?) 


(7) 


So  when  the  Faraday  effect  me  reuses. (  4'  "1  )is 
in.  roused  by  the  vi  no  amount  that ( reuses, 


thus  holding  a  constant  sum.  This  should  allow  the 
clock  to  reach  the  quantum  limit  at  longer  ti  nes. 
The  quantum  limited  laser  linewidth  '.  fc)  is  given 

As'oC  t)  =  /he  1 

Q  V  2P-  (Sa) 

where 

■■■  E 

Q  =  2  'P  (Sb) 


and  no  is  the  laser  frequency,  h  is  Planck's  constant, 
P  is  the  circulating  power, t.  is  the  measuring  ti  ne, 
and  E  is  the  stored  energy.  The  quantum  limit  for 
the  clock,  the  ratio  of  the  quantum  limited  timewidth 
to  the  clock  frequency,  is  then  given  as 

QUANTUM  ,  ,  /.,s  \  w/> 

LIMIT  1  T  ;  *  ^Q^ETock  2P  /  •  (9) 

For  the  device  to  work  over  the  temperature  range,  a 
path  length  control  (PLC)  algorithm  might  be  neces¬ 
sary.  However,  this  need  has  not  yet  been  shown. 

Experiment 

The  original  plans  were  to  test  a  dual  detector 
system  on  an  operating  gyro  as  shown  in  Figure  A. 
This  approach  would  avoid  errors  due  to  the  Faraday 
rotator  sensitivity.  However,  this  approach  proved  to 
be  too  costly,  so  an  approach  using  a  gyro  without  a 
Faraday  rotator  was  considered.  Laser  #18  was 
available  without  a  Faraday  rotator  and,  although  it 
would  not  work  as  a  gyro  for  low  rotation  rate,  a 
design  was  developed  to  provide  a  clock  output  as 
shown  in  Figure  5.  This  approach  minimized  the 
electronics  to  be  developed  and  the  associated  cost. 

The  experimental  setup  shown  in  Figure  7  was 
used.  The  basic  frequency  measurement  system  used 
the  Hewlett  Packard  5390A.  The  laser  clock  output 
was  fed  to  the  mixer  (HP  1QS30A),  as  was  the  HP 
8660C  frequency  synthesizer  output.  The  reference 
for  the  HP  8660C  and  the  HP  5345A  counter  was  the 
Loran  C  Cesium  based  system.  The  output  of  the 
mixer  was  fed  into  the  counter  which  was  controlled 
by  the  HP  982313  calculator.  The  calculator  outputs 
were  produced  using  the  HP  9S71  printer/plotter. 

Data  from  the  test  of  Laser  #18  is  shown  in 
Figure  8.  This  shows  improved  performance  as  the 
experiment  proceeded.  This  was  due  to  efforts  that 
reduced  noise,  which  were  affecting  the  ring  laser. 
The  best  short-term  da’a  was  good  for  I  msec,  IF1 
msec,  and  100  msec.  However,  the  longer-term  clam 
showed  increased  instability.  After  using  a 
Fabry-Perot  analyzer  to  observe  the  modes,  it  was 
discovered  that  the  PLC  was  drifting,  thus  causing 
the  problem  in  the  long-ter  m  stability  data.  Laser 
#18  PLC  was  an  older  experimental  design  with  too 
small  a  bandwidth.  The  PLC  drift  was  the  reason 
that  additional  testing  was  done  using  a 
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state-of-the-art  operational  ring  laser  gyro  #68. 
Laser  #68  had  a  Faraday  rotator  which  could  not  be 
temperature  compensated  since  another  set  of  elec¬ 
tronics  was  not  available  to  implement  the  approach 
in  Fig, ire  6.  It  was  believed  that  even  though  Laser 
#6 S  was  temperature  sensitive,  laser  temperature 
drift  could  be  minimized  using  a  temperature  con¬ 
trolled  oven  and  better  clock  data  obtained. 

The  test  clock  data  for  Laser  #68  is  shown  in 
Figures  9  and  10.  Figure  9  shows  the  data  sets 
containing  the  best  data  points  for  1  msec,  10  msec, 
and  100  msec.  Figure  10  shows  the  data  sets  contain¬ 
ing  the  best  data  points  for  1  sec,  10  sec,  and  100 
sec.  The  data  for  the  times  from  1  to  100  msec  is 
quantum  limited.  The  Faraday  drift  starts  affecting 
the  data  at  0.1  sec  and  the  value  ofOy(t)  increased. 
Figure  11  shows  a  comparison  of  the  frequency 
stability  of  an  HP  10811  quartz  oscillator  (Q),  an  HP 
5Qb5A  rubidium  atomic  clock  (R),  and  an  HP  5062C 
cesium  atomic  clock  (C).  The  best  laser  clock  data 
falls  between  data  for  the  cesium  and  rubidium 
standards  from  1  insec  to  .3  sec.  The  Faraday  drift 
then  starts  to  decrease  the  laser  clock  stability.  The 
long-term  drift  shown  in  Figure  12  is  30.5  mHz/sec. 
Figure  12  shows  that  the  narrowest  linewidth  measur¬ 
ed  is  50  mHz.  There  was  also  a  higher  frequency 
1!  i'  t  utiori  in  the  temperature  shown  in  Figure  13. 
The  short-term  data  was  affected  by  the  Faraday 
rotator  but  by  picking  the  best  data,  this  effect  was 
minimized.  The  long-term  data  always  has  the 
Faraday  induced  drift  present;  that  is  to  say,  even 
the  best  data  shows  the  drift.  The  single  error  bar  in 
Figure  12  shows  a  factor  of  two  deviations. 

Conclusions 

In  conclusion,  good  short-term  stability  has  been 
obtained,  but  long-term  staoility  needs  to  be  improv¬ 
ed.  The  device  is  a  transfer  frequency  standard.  A 
transfer  frequency  standard  used  with  GPS,  3T1DS, 
and  radar  techniques  will  meet  high  performance 
fighter  application  requirements  so  that  an  absolute 
frequency  standard  is  not  required.  If  implemented 
in  conjunction  with  existing  RLG  systems,  the  addi¬ 
tional  cost  of  the  clock  function  would  be  one  to 
three  thousand  dollars  depending  upon  the  level  of 
integration.  This  could  also  help  reduce  life  cycle 
cost  compared  to  having  a  separate  clock  and  gyro. 
Careful  packaging  could  also  yield  a  reduced  volume 
when  compared  to  separate  devices. 

Recommendations 

The  Faraday  rotator  temperature  sensitivity 
must  be  corrected.  The  method  outlined  in  the 
theory  section  of  this  paper  would  eliminate  the 
drift.  The  estimated  quantum  limited  performance 
window  of  the  laser  clock  is  shown  in  Figure  19. 
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Figure  1  Multioscillator  Ring  Laser  Gyro 
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Figure  2.  Four  Modes  on  Gain  Curve  (No  Faraday  Rotatorl 


RIGHT-HAND 

LEFT-HAND  CIRCULAR 

CIRCULAR 

f  0 


Figure  4.  Possible  Gyro  Electronics 
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Figure  10.  Laser  No.  68  Data  (4,5,6  Best  Points  for  1  sec, 
10  sec,  100  sec) 
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Figure  11.  Stability  Comparison 
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Abstract 

Ramsey  fringes  have  been  produced  by  stimulated  resonance 
Raman  scattering  between  ground  state  hyperfine  levels  at 
two  separated  points  along  a  sodium  atomic  beam.  Observed 
transit  time  broadening  was  1.3  kHz  (FWHM),  as  expected 
for  the  30  cm  separation  of  the  two  regions.  The  requisite 
two  copropagating  laser  fields,  u>p  (pump)  and  urs  (stokes), 
were  obtained  by  frequency  shifting  a  portion  of  our  tunable 
dye  laser  output  using  an  acousto  optical  modulator  (AOM) 
such  that  cup  cus  equaled  the  hyperfine  transition  frequency. 
The  Imear  polarizations  of  utp  and  <js  were  perpendicular  to 
each  other  The  initial  and  final  states  were  the  F  =  i  and  F  =  2 
hyperfine  levels  of  the  3^1/2  Hr0ljnd  state.  The  resonant  inter 
mediate  level  was  the  3^p^/2  (F'  =  2)  state.  A  magnetic 
holding  field  (  ~  300  mG),  parallel  to  the  laser  beams,  was  used 
to  separate  the  magnetic  sublevels,  enabling  us  to  detect 
m’  -  0  - - »  m"  =  0  transitions. 

The  microwave  oscillator  used  to  drive  the  AOM  was  locked 
to  the  central  Ramsey  fringe.  Preliminary  precision  frequency 
counter  measurements  indicated  a  stability  -  0.5  Hz  (rms), 
for  a  1  sec  integration  time,  over  a  period  of  a  few  hours.  This 
is  the  same  order  of  magnitude  as  the  stability  of  our  counter. 
Initial  measurements  of  the  effects  of  various  phenomena 
upon  stability  will  be  discussed. 

In  principle,  techniques  can  be  devised  to  enable  the  develop 
men!  of  stimulated  resonant  Raman  frequency  standards 
capable  of  operating  at  millimeter  and  possibly  far  infrared 
wavelengths  Owing  to  the  limitations  of  present  laser  fre¬ 
quency  shifting  technologies,  however,  to  do  so  will  require 
the  use  of  two  independent  stabilized  tunable  lasers  Dhase 
locked  together  to  minimize  relative  ptter 
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There  is  an  increasing  interest  in  using  pre¬ 
cision  atomic  clocks  in  field  applications  where 
the  frequency  stability  is  usually  dominated  by 
environmental  parameters  such  as  vibration,  accel¬ 
eration,  temperature  variations,  magnetic  field 
changes,  etc.,  instead  of  by  the  intrinsic  noise 
processes.  For  highly  mobile  platforms,  the 
acceleration  sensitivity  often  contributes  the 
largest  timing  errors  for  short  measurement  in¬ 
tervals.  Local  oscillator  frequency  modulation 
may  be  reduced  somewhat  by  the  frequency  lock  to 
the  atomic  resonance.  It  may  also  result  in  a  dc 
offset  throuqh  non-linear  interaction  with  the 
atomic  resonator  modulation. 

The  vibration/acceleration  sensitivity  of 
atomic  clocks  is  shown  to  be  intrinsically  very 
small,  but  not  zero.  The  observed  sensitivity 
has  two  major  components;  the  first  is  due  to  the 
quartz  crystal  controlled  local  oscillator,  and 
the  second  is  due  to  the  physical  displacement  of 
the  platform.  The  first  component  causes  a  phase 


modulation  of  the  clock  output  at  low  vibration/ 
acceleration  levels,  while  at  high  levels  the  out¬ 
put  frequency  and  time  become  decoupled  from  the 
atomic  resonance,  thereby  losing  precision.  The 
second  component  is  present  even  with  a  perfect 
clock  and  is  due  to  the  first  order  Doppler  effect 
coming  from  the  instantaneous  velocity  of  the 
platform.  A  high  platform  vibration  level  pre¬ 
cludes  accurate  velocity  measurements  unless  one 
averages  for  a  long  time  and/or  uses  a  compensa¬ 
tion  scheme.  A  three-dimensional  acceleration 
sensor  plus  a  compensation  network  can  accommodate 
and  correct  for  both  the  oscillator  and  platform 
sensitivities  at  low  vibration  levels.  On  the 
other  hand,  hiqh  vibration  levels  call  for  a  new 
approach. 

Since  clock  frequency  and  timing  depend  on  the 
sum  of  all  environmental  and  noise  processes,  some 
care  is  needed  in  specifying  worst  case  timing.  The 
usual  case  of  addina  these  clock  errors  in  quadra¬ 
ture  is  examined. 
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ABSTRACT 

the  ".S.  Navy's  Precise  Time  and  Time 
Interval  (PTTI)  Program  is  a  worldwide  effort  to 
irovide  all  Navv  surface,  subsurface,  air  and 
’bore  platforms  and  their  communications,  navi¬ 
gation  and  weapon  systems  with  time  and  fre- 
juency  references  traceable  to  the  !',S.  Naval 
Observatory's  (NAVOBSY)  Master  (-lock  System 
fMCS) . 

The  PTTI  System  Concept  is  comprised  of 
three  elements;  i.e.,  the  NAVOBSY  MCS,  the  PTTI 
Dissemination  System  and  the  Standardized  PTTI 
Platform  Distribution  System  (PDS) . 

While  undergoing  cont  inous  change  and  up¬ 
grade,  two  of  these  elements,  the  NAVOBSY  MCS 
.Old  the  PTTI  Dissemination  System,  do  in  fact 
exist  today.  This  paper  therefore  describes 
very  brieflv  the  PTTI  Svstem  Concept,  the 
NAVOBSY  MCS  and  the  PTTI  Dissemination  System. 

The  majority  of  the  paper  is  devoted,  however, 
to  an  overview  of  the  Navy's  Standardized  PTTI 
PDS  .'y 

/Y 

The  I'nited  States  Now's  Precise  Time  and  Time 
Interval  (PTTI)  Program  is  a  worldwide  effort  to 
provide  Navv  surface,  subsurface,  air  and  shore 
platforms  and  their  onboard  common icat ions,  navi¬ 
gation  and  weapon  systems  with  time  and  frequency 
references  traceable  to  the  ,:.S.  Naval  Ohserva- 
i.-rv's  (NA'.OBSYl  Master  Clock  Svstem  (MCS>  . 

In  keeping  with  that  mission  statement,  the 
Chief  of  Naval  "derations  (CNOl  issued  a  draft 
Op, -rat  ienal  Requirement  (DR)  in  !r)7Y  which  stated 
that  the  Navv  had  an  operational  requirement  for: 

a.  h<  worldwide  b  i  ssem  inn  t  (on  of  pro- 
i  .e  t  i:*:e  uvl  t  im«  interval  f  raeeaMe  to  the 
NAVOBSY . 

1-..  Ci-st  •!!••.  live  d  i  -t  r  i  hut  ion  systems 
*  .  ■>  r  r  hi-  ••.!!  p  1  1 '  I  (T’s  to  av-port  their  desi,;- 

A<  •  .-r  d  in/,  I  v,  one  t  l>,-  Navv  PTM  Program’s 
•'ri-'iiv  .  *h  j  *  i  Vi",  is  to  -..if  i  •  - !  •  Navv  .-airfaee,  sub- 
5i‘  *•••,  iir  eid.  .'inrr  it  for-  .1  '.mmnn  i  *  1 1  i  ops  , 

■»  \  -  >t  ion  rid  w.  upon  sv  :t  ems  re<pt  i  r .  met* t  s  »  « ' r  (  iwe 

1*"'  ?  I  .  ■  ;  ■  I «  !  V  in  i  cowl.  effective  manner  subject  to 

..r-  md  ■  *;>•  •'at  i  0:1a  1  ntn-d  ra  i  tit  ■ . 


The  PTTI  Svstem  Concept,  which  constitutes  the 
Navy's  approach  to  attaining  that  objective,  was 
first  presented  in  the  Navy's  PTTI  Program  Master 
Plan  in  lD7h  and  is  currently  being  enlarged  upon 
in  the  proposed  DoD-STD-1 39^  (NAVY)  SECTION  441 
PRECISE  TIMF  AND  TIME  INTERVAL  (PTTI).  As  depicted 
in  Figure  1,  the  PTTI  System  consists  of  three 
major  elements;  i.e.,  the  NAVOBSY  MCS,  the  PTTI 
Dissemination  System,  and  the  Standardized  PTTI 
Platform  Distribution  System  (PDS). 

While  undergoing  nearly  continuous  change  and 
upgrade,  two  of  these  elements,  the  NAVOBSY  MCS 
and  the  PTTI  Dissemination  System,  do  in  fart  exist 
todav.  The  third  element,  the  Standardized  PTTI 
PDS,  is  currently  undergoing  a  preliminary  design 
and  life  cycle'  cost  analysis. 

In  addressing  the  first  element,  the  NAVOBSY 
MCS,  the  Department  of  Defense  (PoD)  and  the  CNO 
tasked  the  NAVOBSY  with  deriving  and  maintaining 
the  standards  of  time  and  frequency  for  all  DoD 
and  Navy  components;  e.g.,  the  U.S.  Army,  the  V.S. 
Air  Force,  the  National  Security  Agency,  Naval 
Research  Laboratories,  Naval  Calibration  Labora¬ 
tories  and  the  Fleet.  To  provide  accurate  time 
and  frequency  to  the  DoD  and  Navy  communities,  the 
NAVOBSY  maintains  a  MCS  which  is  referenced  to  the 
Coordinated  I'niversal  Time  (FTC)  scale. 

The  NAVOBSY  MCS  constitutes  the  master  ref¬ 
erence  and  the  start  point  for  the  entire  Navv 
PTTI  System.  Currently,  the  MCS  is  based  on  a 
bank  of  approximately  thirty  to  thirt  --five  .u-si-.-.r 
beam  frequence  standards.  It  provides  accurate 
t i:  to  within  one  nanosecond  per  day,  an  cxecel- 
inp.lv  good  long-term  stability  of  two  parts  in 
1  o  '  ‘4 ,  and  i  s  ext  remcl  v  re  1  table. 

While  the  M(*S  can  meet  the  vast  major  it"  of 
present  dav  n,ip  and  Navv  time  and  frequency 
requirements  which  arc  generally  in  the  1  on  p.ivo- 
'’■■■'iid  to  I'm  microsecond  range,  it  will  not 
able  to  support  projected  requirements  which  will 
be  in  the  ten  nanosecond  or  better  region. 

The  MCS  is  therefore  being  upgraded  to  incor- 
norat »  the  latest  state-of-the-art  technology 
including  improved  reference  standards,  distributed 
data  processors  and  environmentally  controlled 
cha-’bers.  Figure  is  a  depiction  of  the  updated 
Mrs . 

’  e  updated  MCS  will  provide  near-real-time 
ar  iiiv.it  o  to  within  )  nanosecond  per  ten  days  and  a 
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f  regucne v  stability  *!  !  part  in  !.)  1  or  ti-r. 

1  he  standard  t  ime  am!  frequency  r^fiTcnri’s 
provided  bv  the  NA  i'»hsv  Mi’S  ai  «  then  t  r.i:is-; i  L  t •  <! 

:  *'av  plat’.M:--'  .ironm!  th,  world  via  the 

clement  of  t  he  Pill  Svstem,  ! he  PTTT  Pissemin.it  ion 
S  vst  on: . 

The  current  PVH  Pi sserinat  ion  ?v  :tir.  employs 
portable  clocks  and  ntiuorous  comm*,  in  i  oat  ions  and 
navigation  svstens  presently  in  s.so  within  tin-  Dt'»!> 
commtin  i  t  v  which  have  an  inherent  capability  to  dis¬ 
seminate  Lino,  I  requeue”  or  t  inn*  and  frequency  sig¬ 
nals  on  a  non int erf eronce  ha?:  is  with  the  systems* 
primary  missions.  !'igure  1  is  a  represent  at  ion  of 
t  he  worldwide  i'TTJ  dissemination  System. 

On  eacli  Navy  platform,  a  primnrv  PTTT  dis¬ 
semination  Svsrom,  e.g.,  the  Defense  Satellite 
Oommuni cat  ions  Svstem  IPSi’Sl  or  the  Global  Posi¬ 
tioning  Svstem.  PSl,  and  an  alternate  or  backup 
PTT1  Di  ssen  inat.  ion  Svst  oi ,  e.g.,  TRANSIT  or  I.  ORA'.' 

«*,  has  been  or  will  be  identified  to  provide  the 
platform  with  a  link  to  an  external  reference 
traceable  to  the  NAYOBSY  M(*S.  Ihis  external  ref¬ 
erence  will  be  used  to  monitor,  update  or  cali¬ 
brate  the  platform's  onboard  reference  standards. 
Hie  primary  and  alternate  dissemination  systems 
for  each,  platform  are  selected  according  to  that 
platform''  t  ine  and  frequence  requirements,  it1-, 
mission  scenario  and  its  operational  constraint  . 


tosium  beam  frequency  standard  for  a  submarine 
platform,  a  rubidium  standard  for  an  aircraft  plat 
form  and  a  quart:’-  crystal  oscillator  for  an  auxil¬ 
iary  ship  pi  it  form  a! .  of  which  provide  the  same 
standard  sipnal  formats,  e.g..,  N  V\\7  ,  a  standard 
time  code  and  perhaps  one  pulse  per  second,  at 
various  decrees  of  accuracy,  stability,  spectral 
pur  it v ,  et e . 

Additionally,  the  Standardized  PTTI  PDS  will: 

a.  Pr.-.ahl  v  employ  a  combination  of  three 
onboard  frequency  standards  or  clocks  to  provide 
a  back  up  capability  and  to  allow  for  comparison 
of  the  onboard,  standards  with  each  other  in  the 
absence  of  an  external  reference  from  the  di?  ' ~ i- 
nat  ion  system  to  identify  a  standard  w-hich  is 
drifting  out  of  tolerance. 

b.  Make  maximum  use  of  decentralized  svstem. 
concepts  to  enhance  survivability;  e.g.,  the 
physical  isolation  of  the  onboard  clc-css  and  stand¬ 
ards  from  each  other  to  minimize  system  vulnera- 
bilitv  to  fire,  Kittle  d.mago,  etc. 

c.  Provide  for  underway  comparisons  and  up¬ 
dates  of  the  onboard  standards  to  an  external 
reference  from  the  di ssen inat ion  system  and,  as 
stated  above,  comparisons  of  the  onboard  standards 
with  each  other  in  the  absence  of  that  external 

ri  f eronce . 


Ip  all  casts,  existing  dissemination 
piques  and  -vstems  will  he  used  to  the  max 
extent  practical.  consideration  is  curre.n 
being  given,  however,  to  the  possible  need 
levelop  new  air.:  perhaps  own  dedicated,  dis 

t  ion  systems  to  meet  future  requirements. 


tech  — 
imnm 
t  1  v 

semi  na- 


H.e  third  an*  *inal  ele-eut  c  "'  {he  P-""  I 
Svstem  is  tb,.  Standardized  P'l  !']  “Id.  '.hilt  numer¬ 
ous  PTI'I  e<ju  i  pm  el',  t  s  and  a  few  PI"!  s-  sterns  do 
exist  within  the  'law  and  ar<-  currently  installed: 
in.  some  haw  plat  forms,  there  i  *  no  St  undar-i  i.«  d 
Pill  P1V-.  ! 5 :  •  Ktsir  purpose  o!  the  St  an  .1  ard.  i;*ed 

:  !  Pi's  is  tc  r.ieive  t  h«  :i-«  nd  •  r--  \ uenov  r.  • - 
eren.es  fro-  the  P'1'1  P  i .- or  i  -at  i  on  c.'-ur 

md  update  the  v:!-  ard  .-’.ock  :  ind  vt.uv-ard- 
those  rec.iv,  1  w.r.n.es;  rat  •  !  n.!  iv  ■' 

time  and  f  requenr -.-  reth-reiii  a-  rigua!-. ;  a-»d  e  ;  j  . 
but  •  •  th-'se  - 1  and. i  rd  i  *•  d  reh-rcio  rj.-.n.ii  on- 

'•  '.ird  i  ■ -mmun  i-  at  ion". ,  navigation  ind  ’e.ipon  ••  i  e- 
t  l-roughout  t  •  e  pi  at  *  or-. 


inure  '*  is  i  d-pi-  t  ion  o?  the  indardi:*«  ■■! 


J.  Possiblv  use  an  algorithm  or  algorithms 
v i  1 ;  a  very  Ion.,,  t  imo  constant  on  the  order 
!  r!-  or  weeks  to  suppress  noise  and  to  remove  sys¬ 
tematic,  error  producing  mechanisms  such  as  fro* 
even,  v  drift  . 

e.  Provide  an  alarm  when  one  of  the  onboard 
standard--  drifts  bevond  a  preset  limit  and  employ 
i,  p.v-  s  i  h  1  v  ma.iiia  !  ,  switch  to  remove  a  *  andar  1 
operat  inv.  outside  of  acceptable  limits  from  the 

Deduce  the  number  of  reference  signals 
i  t  rib  ted  around  Navv  platforms  from  th« 
i-ic  •rcc'u  nev  signals  of  r'  YMz,  1  MM;*  and 
.  :he  two  timing  pulses  of  one  pulso-per- 
■  !  P5'-  ^  and  one  pu  1 -e-per-minut  e  <1 
u'told  number  of  time  codes  to  perhaps  a 
*■;  audard  i  :*od  frequency  and  t  i-i  codi  v:d 
timing  puls,  if  i crcscar”. 

■'rovide  t  he  amp  1  i  f  i  cat  i  o*' .  d  i  - 1  r  H  ■  *  :  ••* , 

•  •  :  *'e,  -o.irv  to  fnrn  i  or*'  Mr  *  •**•- 

v  ,  -at  i  on  and  weapon  svst  e-  -  i  {  ' 

:  l;-<  c'd  f  r»>c. n  refi  rc*ua  :**p-,t  - 

Possible  use  optical  fibers  in  t be  dis- 
tribut  ;.'ii  o*'  the  rt'ference  signals  to  reduce 
•••eight  and  PVH  pr.'!' ir-s  and  to  improve  tiding 
Services  to  t  *.e  user. 


V  ’-a  -  i  i  pr  in.  ipl  ••  o*  f  h  i  <  o  :  ;  •  at  ;  •  ■ 

P’’I  Ph*.  -'ill  be  ,  .'-priced  o  j  "  a  anda  rd  i  red "  .  o-- 
porn-nt  e<;u  i  pmep.  f  .  t  r  *  u  e  ’ .  -.taudards,  t  i-e 

.ode  genera*,  or  ■;  a*..’,  1  i  t  r  I  K*n  ioy  amplifier-^,  w'j«' 

.  an  b.-  <-on*  i.-ured  t  •  me.  !  {be  :  ir«-  and  !  renuenev 
requirement-  a  parti-. lai  p !  it  form;  •  .  g .  .  a 


f’u  St  arida  rd  i  zed  Pl’rl  PDS  appears  to  offer 
uu-’erott?;,  sign  it  icant  t  ec  ’no  1  eg  ion  1  ,  operational 
arid  economical  benefits;  e  .  g  .  .  the  St  amhird  i  zed 
•'"71  Pb"-.  will  : 


a.  Provide  Navv  platforms  with  an  integrated 
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MICROCOPY  RESOLUTION  TEST  chart 


PTTI  PUS  capable  of  meeting  all  current  and  pro¬ 
jected  onboard  user  system  time  and  frequency 
requirements  efficiently  and  effectively.  While 
the  Saw  has  today  a  few  "standardized"  PTTI 
equipments,  o.g.  ,  the  0-IA95A/D  Cesium  Beam  Fre¬ 
quency  Standard  (CBFS) ,  the  AN/URQ-23  Frequency- 
Time  Standard,  and  the  AM-2123A(V) /f  Frequency 
Distribution  Amplifier,  and  a  few,  limited  PTTI 
distribution  systems,  no  Navy  platform  has  a  fully 
integrated,  survivable,  reliable  PTTI  PDS  capable 
of  supporting  those  current  and  projected  onboard 
user  systems  with  accurate,  redundant  time  and 
frequency  references.  For  example,  many  current 
Navy  platforms  have  only  one  onboard  frequency 
standard.  Other  platforms  have  two  or  more  stand¬ 
ards  but  in  many  instances  those  standards  are 
dedicated  to  separate  systems  and  are  isolated 
from  each  other  with  no  ability  to  he  compared 
or  switched  in  the  event  of  a  failure.  Addition¬ 
ally,  the  current,  onboard  standards  in  many 
instances  will  simply  not  support  the  projected 
timing  requirements  of  a  platform. 

b.  In  accordance  with  CNO  guidance,  reduce 
the  roliferation  of  both  types  and  quantities 
of  lime  and  frequency  equipments  in  the  Fleet. 
Currently,  some  platforms  have  as  many  as  six, 
eight,  ten  or  more  onboard  standards  and  as  many 
as  three  or  four  different  types  of  standards 
which  are  dedicated  to  one  system  and  cannot  he 
compared  to  or  backed  up  by  another  onboard 
standard;  e.g.,  one  surface  platform  was  recently 
observed  to  have  onboard  three  AN/l'RQ-10  Fre¬ 
quency  Standards,  three  0~1 107/SRC— 16  Frequency 
Standards,  two  FF.  105UA  Disciplined  Time/Fre¬ 
quency  Standards,  one  IIP  5062C  CBFS  and  one 

HP  50blA  CBFS  all  operating  essentially  inde¬ 
pendently. 

c.  Allow  Navy  platforms  to  operate  independ¬ 
ently  over  longer  periods  of  time.  As  stated 
earlier,  many  Navy  platforms  do  not  have  three 
onboard,  integrated  standards  and  most  Navy  plat¬ 
forms  do  not  have  access  to  an  external  reference 
while  underway.  With  these  capabilities  onboard, 

a  platform  would  after  several  weeks  at  sea  and 
the  loss  of  its  external  reference  still  be  able 
to  proceed  with  Its  mission  based  on  the  last 
underway  update  of  its  onboard  standards  from  the 
external  reference  and  continued  comparisons  of 
its  onboard  standards  with  each  other. 

d.  Allow  for  future  expansion  and  the  rela¬ 
tively  easv  integration  of  new  systems  requiring 
increased  accuracy  and  performance.  This  is 
feasible  because  the  Standardized  PTTI  PDS  will 
he  modular  and  will  he  comprised  of  standardized 
component  equipments  which  provide  reference  sig¬ 
nals  employing  standardized  formats  with  varying 
degrees  of  accuracy,  stability,  spectral  purity, 
etc.  as  required.  The  installation  of  an  addi¬ 
tional  distribution  amplifier  or  the  replacement 
of  for  example  a  quartz  crystal  standard  with  a 
CBFS  to  meet  new  roqu irements  would  he  a  rela¬ 
tive!  v  simple  and  inexpensive  matter  with  a  modu¬ 
larized,  '-'t andard i zed  PTTI  PDS. 

«•.  Via  "standardization”,  improve  Navy 
personnel’s  familiarity  with  and  efficiency  in 


maintaining  and  operating  a  sophisticated,  world¬ 
wide  PTTI  System.  Currently,  the  lack  of  stand¬ 
ardization  and  the  biennial  transfer  of  Navy  per¬ 
sonnel  can  result  in  a  high  degree  of  unfamili¬ 
arity  with  time  and  frequency  systems,  equipments 
and  procedures.  The  introduction  of  a  modular 
PTTI  PDS  comprised  of  "standardized”  component 
equipments  will  result  in  an  increased  similiarity 
of  equipments  and  procedures  between  platforms 
and  hence  an  increase  in  personnel  familiarity 
with  those  equipments  and  procedures  when  trans¬ 
ferring  from  one  platform  to  another. 

f.  Probably  reduce  the  life  cycle  cost  of 
providing  Fleet  user  systems  with  time  and  fre¬ 
quency  references.  While  the  initial  procurement 
and  installation  cost  of  a  Standardized  PTTI  PDS 
mav  actually  be  higher  for  a  particular  platform, 
especially  if  it  is  being  converted  from  one  to 
three  onboard  standards  or  from  quartz  to  atomic 
standards,  the  employment  of  a  Standardized  PTTI 
PDS  which  allows  for  example  electronic  update 
and  calibration  vice  portable  clock  trips,  fewer 
stocking  requirements  and  fewer  support  system 
requirements  in  general  based  on  fewer  "standard¬ 
ized”  component  equipments  in  Navy  inventories 
should  yield  an  overall  reduction  in  life  cycle 
cost . 

g.  Probably  encourage  major  "breakthroughs” 
in  future  onboard  communicat ions ,  navigation  and 
weapon  systems  performance.  The  assured  availa¬ 
bility  of  high  accuracy,  low  noise,  survivable, 
reliable,  onboard  time  and  frequency  references 
will  allow  design  engineers  and  scientists  to 
develop  new  systems  with  nearly  instantaneous 
acquisition  times,  improved  immunity  to  jamming 
environments,  improved  targeting,  improved  global 
coordination,  etc. 

In  summary.  Figure  5  is  an  exemplary  illus¬ 
tration  of  a  future  application  of  an  integrated 
PTTI  System.  The  NAVOBSY  MCS  element  and  the 
PTTI  Dissemination  System  element  of  the  PTTI 
System  are  in  essence  already  in  place.  The 
installation  of  the  final  element,  the  Standard¬ 
ized  PTTI  PDS,  will  assure  as  far  as  humanly 
possible  the  satisfaction  of  all  current,  pro¬ 
jected  and  even  unforeseen  Navy  surface,  sub¬ 
surface,  air  and  shore  platform  communications, 
navigation  and  weapon  systems  requirements  for 
time  and  frequency  references  in  a  cost  effective 
manner.  It  will  also  provide  the  basis  for  break¬ 
throughs  in  the  design  of  future  communications, 
navigation  and  weapon  systems  and  the  performance 
of  those  systems  in  the  hostile  environment  of  a 
Navy  plat  form . 
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OPTIMAL  TIME  AND  FREQUENCY  TRANSFER  USING  GPS  SIGNALS 

David W.  Allan  and  James  A.  Barnes 
Time  and  Frequency  Division 
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Boulder,  Colorado  80303 


*  ;  Introduction 

The  advent  of  the  GPS  Satellite  constellation 
makes  atomic  clocks  available  to  any  one  who  has 
a  receiver.  Proper  characterization  of  both  the 
clocks  and  the  user  links  is  essential  for 
optimal  extraction  of  time  and  frequency  (T&F) 
information.  In  this  paper  we  will  consider 
both  optimum  T&F  extraction  from  a  set  of  GPS 
data,  and  also  some  near  optimum  and  simple  data 
processing  techniques. 

We  consider  three  simple  cases:  case  A  is  what 
we  call  the  "common-view"  approach;  case  8  is 
the  direct  viewing  of  a  single  satellite  for 
sample  times  ranging  from  a  few  seconds  to  a  few 
hours;  and  case  C  is  viewing  a  single  satellite 
for  a  few  minutes  each  day  for  several  succes¬ 
sive  days.  The  common-view  approach  has  been 
studied  elsewhere  (1-3),  and  the  results  will  be 
reviewed  as  they  relate  to  the  common-mode 
cancellation  of  errors  which  occur  when  two  user 
sites  view  the  same  satellite  for  the  same 
several  minutes  each  day,  and  then  subtract 
their  results  to  get  the  time  difference  between 
the  two  receiving  sites.  If  one  of  the  two 
receiving  sites  is  a  primary  T&F  reference 
standard,  then  state-of-the-art  calibrations  are 
possible.  Case  B  allows  one  to  use  the  GPS 
signals  as  a  short-term  T&F  reference  to  UTC(NBS) 
or  UTC  (USNO)--thus  allowing  one  to  calibrate 
against  a  primary  reference  standard. 

A 

After  characterizing  the  real  data  ftr  the  above 
three  cases,  we  develop  models  from  which  we  can 
design  a  Kalman  filter.  We  then  test  this 
filter  on  simulated  data,  and  on  some  real  data. 
As  we  proceed  it  is  useful  to  review  some  defin¬ 
itions  of  terms  so  that  the  language  is  clear. 
Accuracy  is  defined  as  the  degree  to  which  one 
can  relate  a  measurement  to  some  absolute  refer¬ 
ence.  Stability,  on  the  other  hand,  is  defined 
as  a  measure  of  constancy-typical  ly  over  selec¬ 
ted  sampling  periods.  We  consider  both  the 
accuracy  and  the  stability  of  time  and  frequency 
as  well  as  the  Fourier  frequency  (f)  components 
of  the  instabilities  of  the  GPS  links  and  clocks 
involved.  These  instabilities  or  noise  fluctua¬ 
tions  are  characterized  in  the  time-domain  by 
•r  (  t  )  and  "modified"  rr  (i)  diagrams  (4,5). 
iKese  noise  fluctuations*1  appear  to  be  well 
characterized  by  power-law  spectral  densi¬ 
ties^).  The  "Modified  Allan  variance"  is  asso¬ 
ciated  with  a  measurement  bandwidth  proportional 
to  the  reciprocal  of  the  sample  time  for  which 


the  data  is  taken.  This  sample  time  (denoted  i. ) 
results  in  a  high-frequency  cut-off  for  tne 
data. 

We  use  typical  performance  for  the  models  except 
in  those  instances  where  there  is  a  wide  range 
of  performance.  In  which  case  we  use  both  the 
worst  and  best  case  situations.  We  do  not  deal 
in  any  detail  with  error  detection  and  data 
rejection  for  this  could  be  the  text  of  a  paper 
all  by  itself.  Rather  we  have  chosen  reasonable 
rejection  and  interpolation  criteria  in  order  to 
minimize  deliterious  effects  on  a  proper  charac¬ 
terization.  The  resulting  filters  are,  there¬ 
fore,  appropriate  for  well  behaved  data.  How¬ 
ever,  intrinsic  to  their  optimum  or  near  optimum 
nature  is  the  ability  to  do  error  detection  and 
data  rejection. 

GPS  LINK  AND  CLOCK  CHARACTERIZATION 

A.  Case  A:  GPS  in  common-view  of  two  receiving 
sites. 

The  results  of  a  previous  study  are  reviewed  in 
Figure  1  showing  the  GPS  measurement  limit  using 
this  common-view  approach  averaged  across  four 
satellites  and  over  the  approximately  3000  km 

- 3 /2 

baseline  between  NBS-Boulder  and  USN0.  The  r 
performance  of  MOD  o  (x)  indicates  white  noise 
phase  modulation! PM). y  The  level  of  the  noise  is 

such  that  MOD  oy(t=l  day)=lxl0  for  Th=600s. 

The  resulting  RMS  time  fluctuations  are  about 
5ns.  Figure  1  compares  these  results  with  a 
"Range  of  performance  of  state-of-the-art  stan¬ 
dards",  with  the  NBS  +  USN0  instabilities,  and 
with  the  historical  Loran-C  comparison  method. 

The  data  indicate  that  this  white  noise  PM  model 
is  applicable  over  the  range  from  about  r=l  day 
to  about  t— 1  to  2  weeks.  This  noise  level 
allows  one  to  measure  at  or  beyond  state-of-the- 
art  limitations  imposed  by  the  standard. 

B.  Case  B.  Direct  viewing  of  a  single  satel¬ 
lite  for  few  minutes  <  t  <  few  hours. 

The  stability  data  shown  in  Figure  2  is  a  typi¬ 
cal  example  using  an  NBS/GPS  receiver  with  an 
omni-antenna.  In  this  case  the  level  of  the 
white  noise  PM  is  such  that  MOD  o  ( T - 15s )- 


5.8x10  ^  with  Coincidental ly  the  RMS 

time  fluctuations  resulting  from  this  configur¬ 
ation  are  also  5ns.  Because  th  is  significantly 

different  in  case  A  and  case  B  these  noise 
levels  are  also  quite  different  and  arise  from 
different  mechanisms  (a  topic  that  could  occupy 
another  paper).  One  notices  that  for  t>1000s 
the  fluctuations  appear  to  be  better  modeled  by 
the  spectral  densityqf  the  phase  or  time  fluc¬ 
tuations  going  as  f  j  (flicker  noise  frequency 
modulation,  FM). 

We  conclude  that  averaging  for  longer  than  1000s 
provides  little  or  no  improvement.  The  low 
frequency  fluctuations  generating  the  flicker 
noise  FM  spectra  are  probably  caused  by  iono¬ 
spheric  and/or  tropospheric  delay  fluctuations. 

C.  Case  C:  Viewing  a  single  satellite  for  a 
few  minutes  each  day  for  several  successive 
days. 

The  data  were  taken  from  the  USNO  Series  4 
publication  for  NAVSTAR  4,  NAVSTAR  5,  and  NAV- 
STAR  6  (Space  Vehicle  8,  5,  &  9  respectively). 
One  hundred  and  eighty  four  days  of  data  were 
analyzed  starting  with  10  Nov.  '81.  As  much  as 
23t  of  the  days  were  missing  from  the  published 
values.  Interpolated  values  were  filled  in  to 
avoid  the  problem  of  missing  data  in  the  analy¬ 
sis.  Three  obvious  bad  points  were  rejected 
over  the  first  100  days.  The  raw  values  with 
the  interpolations  are  shown  in  Figure  3.  There 
was  obviously  a  rate  change  in  the  GPS  clock  at 
data  point  no.  109  of  about  100  ns/day. 

If  one  looks  at  the  residuals,  after  fitting 
linear  trends  to  the  data  some  interesting 
results  are  seen.  Using  the  last  74  days  (since 
no  bad  data  points  had  to  be  rejected  from  this 
set)  we  subtracted  a  linear  least  squares  line 
from  the  UTC(USNO-MC)  -  GPS  via  NAVSTAR  4,  5,  & 
6.  The  mean  slope  removed  by  the  linear  least 
squares  fit  and  the  residuals  are  shown  in 
Figure  4.  Notice  that  the  peak-to-peak  devia¬ 
tion  in  the  mean  slopes  removed  was  only  about 

4x10  .  Also  notice  the  high  correlation  in 
the  long  term  (as  it  should  be)  since  each 
satellite  is  being  used  to  deduce  the  tire 
difference  between  the  same  pair  of  clocks, 
UTC(USNO-MC)  -  GPS.  That  is,  in  long-term  the 
relative  clock  noise  predominates.  In  the  day 
to  day  fluctuations,  however,  these  uncorrelated 
processes  probably  arise  from  measurements  made 
at  varying  times  of  day,  through  different  parts 
cf  the  ionosphere,  and/or  errors  in  satellites' 
ephemeris  and  up- load  values.  We  can  use  the 
"three  corner  hat"  routine  to  deduce  the  indivi¬ 
dual  variances  for  each  of  the  three  satellites 
and  their  links.  Figure  5  is  such  a  stability 
diagram.  The  noise  level  is  higher  and  not  as 
well  modeled  as  the  common-view  case,  but  still 
for  sample  times  of  a  few  days  the  white  noise 
PM  model  seems  to  be  reasonable,  but  breaks  down 

for  i  of  the  order  of  lxlO^s  and  longer.  The 
RMS  time  or  phase  fluctuations  range  from  about 
6ns  to  11ns  for  these  data.  Figure  6  shows  the 


IITC(USNO-MC)  vs.  GPS  via  NAVSTAR  5.  Taking  the 
difference  between  these  variances  will  give  the 
sum  of  the  variances  for  the  UTC(USNO-MC)  and 
the  GPS  clock  plus  the  variance  for  the  corre¬ 
lated  portion  cf  the  noise,  which  is  then  an 
upper  limit  on  the  clock's  noise.  Since  we  have 
reasonable  confidence  of  the  estimates  for  1,  2, 
&  4  days  we  have  calculated  MOD  a  ( T )  for  tKese 
sample  times:  ^ 

12.2xl0'14,  7.0xl0'14,  4.0xl0‘14 

respectively.  This  technique  gives  a  nice  way 
to  compare  the  stabilities  of  two  remote  stan¬ 
dards  at  the  parts  in  10  to  the  14th  level. 

SIMULATION  AND  KALMAN  FILTERS  FOR  GPS 

A.  Simulations 

Over  the  past  15  years,  scientists  have  devel¬ 
oped  reliable  stochastic  models  of  clocks  and 
oscillators.  Of  course,  these  models  cannot 
replace  actual  data,  however,  they  can  be  used 
to  predict  performance  of  complex  systems  in 
advance  of  construction.  Further,  so  much 
reliance  on  these  models  has  developed,  that  if 
a  model  should  actually  fail,  then  the  opportu¬ 
nity  to  refine  the  models  would  be  quite  signi¬ 
ficant. 

The  complexity  of  many  systems  poses  problems 
for  analytic  solutions  for  system  performance. 
Often  one  can  become  so  greatly  enmeshed  in  the 
mathematics  of  analytic  solutions  that  the  real 
problems  become  lost  in  a  forest  of  equations. 
Of  course,  even  the  analytic  solutions  depend  on 
model  assumptions  as  much  as  the  simulations. 
The  advantage  of  analytic  solutions  is  that 
often  their  extension  to  new  parameter  values  is 
very  simple  and  an  "exact"  solution  is  provided. 
In  contrast,  simulations  using  Monte  Carlo 
trials  can  use  much  computer  time  and  provide 
only  an  approximate  value.  Clearly,  both  simu¬ 
lations  and  analytic  solutions  have  their  advan¬ 
tages. 

There  is  another  potential  problem  with  computer 
simulations  and  Monte  Carlo  tria's.  By  virtue 
of  the  random  character  of  the  data,  one  could 
use  strong  selection  criteria  and  influence  the 
findings  by  presenting  non-representive  results. 
In  this  paper,  seed  numbers  were  chosen  initial¬ 
ly,  and  used  throughout  all  simulations.  As  a 
further  safe-guard,  the  simulation  algorithm  is 
included  in  the  Appendix.  Thus  a  critical 
reader  can  verify  the  results,  and  test  the 
"representativeness"  of  the  conclusions. 

B.  Stochastic  Model 

For  times  longer  than  a  few  seconds,  commercial 
cesium  beam  clocks  typically  display  frequency 
fluctuations  which  can  tie  modeled  well  with 
three  elements: 

1 )  Whi te  noi se  FM. 

2)  Random  walk  noise  FM.  and 

3)  Linear  frequency  drift. 
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It  should  be  mentioned  that  the  linear  frequency 
drift  model  tends  to  be  more  difficult  in  prac¬ 
tice.  Although  one  could  add  various  failure 
modes  to  this  model,  they  will  be  ignored  here, 
further,  the  present  paper  Is  concerned  with 
sufficiently  short  durations  that  the  third 
element,  drift,  will  also  he  ignored.  Thus,  we 
are  left  with  a  two-element  model  for  the  clock: 
white  FM.  and  random  walk  FM. 

Mathematically,  this  can  be  represented  as  the 
sum  of  two  processes: 

Ax'  =  i.  and 
n  n 

2 

Ax  =n  , 
n  'n- 1 

where  t:  and  n  are  random,  independent  vari- 
n  n 

ables  with  zero  mean,  normal  distributions,  and 
2  2 

variances  of  a  and  o  respectively;  and  A  and 
2  c  M 

A  are  the  first  and  second  difference  operators, 
respectively.  The  clock  model  is  totally  repre¬ 
sented  by  the  sum  of  these  processes  given  by 


2 

A  X  =  n  ,  +  Ac 
n  n-1  n 


A  little  algebra  can  quickly  show  that  this 
Kalman  model  is  exactly  equivalent  to  the  clock 
model  presented  in  Eq.  (1).  In  addition  to  the 
clock  model,  the  noise  of  the  comparison  link 
must  be  modeled  also.  The  link  noise  appears  to 
be  random,  uncorrelated  (i.e.,  white)  as  has 
been  found  in  the  measurements  reported  above. 
Future  experiments  with  different  baselines  and 
additional  data  may  well  refine  this  model  of 
the  comparison  link,  but  for  now  the  white  phase 
model  is  in  accord  with  observations.  Thus  the 
Kalman  model  is  completed  by  introducing  the 
variance  of  the  measurement  noise,  R,  according 
to  the  table  below: 


Comparison  Mode 

Value  R 

range 

T-h 

Common  View 

5  ns 

>1  day 

600  s 

(4  satellites) 

15  s 

One  Satellite 

5  ns 

to  900s 

15  s 

(short  term) 

One  Satellite 

6-20  ns 

>1  day 

600  s 

(t  >  1  day) 


where  x.  is  the  reciprocal  software  bandwidth 
(5).  h 


The  parameters,  a.  and  o  along  with  the  time 
interval  between  dtata  samples,  t  ,  are  taken  to 
have  the  following  values: 


The  computer  program  used  in  the  simulations 
can  be  found  in  the  Appendix. 


Clock  type 

°r. 

°n 

To 

Conventional 
cesium  beam 

10  ns 

3  ns 

1  day 

Option  004 

3  ns 

1  ns 

1  day 

(Note,  the  numerical  values  of  a  and  o  are 
dependent  on  the  sample  interval,  t  . 

The  Allan  variance  can  be  expressed  as  a  func¬ 
tion  of  these  parameters  with  the  following 
equation: 


*y  <NV 


Nr; 


a2(2N2  *  1) 

+  '  6Nr? 

0 


(2) 


where  N  may  take  on  any  value. 

Figure  7  is  a  plot  of  the  square  root  of  the 
Allan  Variance  deduced  from  Eq.  2  and  the  para¬ 
meters  given  in  the  above  table.  This  model  for 
the  slave  clock  (relative  to  whatever  master 
clock  is  being  referenced),  can  be  expressed  in 
the  familiar  terms  of  Kalman  Filters  (6). 
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RESULTS  AND  COMPARISONS 

In  section  II  we  characterized  the  noise 
performance  of  the  GPS  link  for  the  three 
cases  under  consideration.  Along  with  the 
models  developed  from  these  characterizations 
we  use  as  typical  clock  models  those  shown  in 
Figure  7  for  a  standard  commercial  cesium  and 
for  a  high  performance  option  004  cesium. 
Which  clock  model  one  uses,  of  course,  depends 
on  the  actual  measurement  configuration.  We 
simulated  the  three  cases  being  studied  in 
this  paper,  but  the  theory  developed  is  appli¬ 
cable  to  a  much  broader  set  of  cases  and 
clocks. 

In  case  A  we  simulated  the  common-view  link 
noise.  The  stability  of  the  resulting  simu¬ 
lated  link  noise  processed  by  the  Kalman 
filter  is  shown  in  Figure  8,  which  is  better 
than  state-of-the-art  clocks  for  sample  times 
of  a  few  days  and  longer.  Thus,  for  a  few 
days  and  longer,  the  oscillator  noise  predom¬ 
inates.  For  comparison  purposes  the  calcu¬ 
lated  stability  from  real  data  using  a  10  day 
simple  mean  is  indicated  by  the  solid  square. 
The  excellent  agreement  is  not  suprising  when 
one  realizes  that  the  optimum  estimate  of  a 
constant  buried  in  a  white  process  is  the 
simple  mean.  In  practice  what  is  done  is  to 
calculate  the  least  square  fit  to  the  time 
differences  over  a  10  day  period,  and  the 
slope  then  gives  a  nearly  optimum  estimate  of 
the  frequency  difference  between  the  clocks  in 
the  presence  of  white  noise  PM.  The  advantoqe 
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of  the  Kalman  output  is  that  it  qives  in  real 
time  a  daily  optimum  estimate  of  both  the  time 
and  the  frequency  differences  between  the  two 
remote  clocks. 

For  the  same  level  of  link  noise  (5ns  RMS), 
Figures  9  and  10  show  the  simulated  time 
errors  before  and  after  the  Kalman  update  as 
well  as  just  after  the  Kalman  update  for  a 
standard  cesium  and  for  an  option  004  cesium 
respectively.  Figure  11  graphically  illus¬ 
trates  for  a  standard  cesium  the  effects  of 
looking  at  the  clock  just  before  update  and 
just  after  update  as  indicated  by  the  light 
and  dark  open  squares  respectively.  The 
Kalman  update  stability  values  would,  of 
course,  be  much  closer  together  for  the  option 
004  cesium. 

For  case  8  we  simulated  a  standard  cesium 
(comparable  to  those  aboard  the  GPS  satel¬ 
lites)  and  the  5ns  link  noise.  The  purpose 
was  to  test  the  improvement  gained  by  the 
Kalman  filter.  Figures  12  and  13  are  the 
results  of  that  simulation.  One  sees  about  a 
40dB  improvement  in  stability  for  the  Kalman 
output  at  t=15s.  In  fact  except  for  a  small 
turn-on  transient  (not  shown)  the  Kalman 

filter  output  tracks  nearly  perfectly  the  on 
board  clock's  time,  and  stability  levels  of  a 
few  in  10  to  the  12  seem  reasonably  achie¬ 
vable. 

For  case  C  we  use  the  Kalman  filter  to  process 
the  actual  data.  Figure  14  is  a  plot  of  the 
residual  time  differences  between  UTC(USNO-MC) 

-  GPS  via  NAVSTAR  5  both  with  and  without  the 
Kalman  filter.  It  is  obvious  that  it  acts 

like  a  low  pass  filter  and  one  could  design  a 
simple  recursive  (exponential)  filter  to 

approach  the  Optimum.  However,  the  number  of 
lines  of  code  are  so  few  for  the  Kalman  filter 
(as  shown  in  the  Appendix)  that  little  would 
be  gained.  Figure  15  nicely  illustrates  this 
improvement  in  stability  for  sample  times 
shorter  than  10  days.  At  t=1  day  there  is  an 
11  dB  improvement  in  stability  using  the 
Kalman  filter  over  the  stability  of  the  raw 

data. 

From  the  data  studied  in  this  paper,  there  are 
clear  advantages  in  proper  filtering.  Despite 
the  fact  that  the  data  studied  is  not  compre¬ 
hensive  and  that  the  GPS  receivers  used  were  a 
limited  set,  one  can  still  draw  some  reason¬ 
able  and  impressive  conclusions.  Table  1  is  a 
summary  of  the  stability  and  accuracy  ranges 
of  F&T  calibrations  available  using  GPS  for 
remote  clocks  within  about  3000  km  of  a  pri¬ 
mary  reference. 

CONCLUSIONS  AND  FUTURE  WORK 

The  advent  of  GPS  has  produced  a  significant 
step  forward  in  the  accuracies  and  stabilities 
with  which  time  and  frequency  can  be  compared 
at  remote  sites.  With  appropriate  filtering 
of  GPS  data  as  outlined  in  this  paper  one  can 
compare  and  calibrate  remote  clocks  at  state- 


of-tne-art  accuracies  for  sample  times  of  the 
order  of  a  few  days  and  longer;  e.g.  ,  a  few 
parts  in  10  to  the  15  are  achievable  for 
averar  ng  times  of  10  days,  and  time  accur¬ 
acies  of  better  than  10ns  have  been  verified. 
The  cesium  standards  on  board  GPS  satellites 
may  be  used  as  accurate  frequency  references 
at  the  part  in  10  to  the  12  level.  Even  for 
short-term  measurements  of  about  10  minutes 
duration  nearly  the  full  accuracy  of  these 
on-board  cesiums  can  be  transferred  using 
appropriate  data  filtering  as  outlined  above. 

Future  work  will  involve  studies  of  world  wide 
baselines  leading  to  better  understanding  of 
the  propogation  medium's  effects  on  GPS  T&F 
measurements.  Because  the  common-view  ap¬ 
proach  appears  to  work  even  better  than  ini¬ 
tially  calculated,  we  have  started  some  spe¬ 
cial  studies.  Some  of  the  data  indicates  that 
there  may  be  significant  amounts  of  common-mode 
cancelation  of  errors  due  to  a  breathing 
effect  working  simultaneously  across  the 
ionosphere.  This  should  be  studied  further. 
Stearable  high  gain  antennas  would  lead  to 
better  time  stabilities  and  perhaps  better 
accuracies  as  multipath  problems  are  reduced 
significantly.  More  accurate  time  transfers 
will  result  as  people  take  advantage  of  the 
two  frequencies  radiated  from  the  GPS  satel¬ 
lites  --giving  a  real  time  calibration  of  the 
ionosphere.  The  results  of  these  research 
efforts  suggest  that  the  GPS  system  can  sup¬ 
port  world-wide  time  and  frequency  comparison 

accuracies  approaching  a  nanosecond  and  1  part 
in  10  to  the  15  respectively.  The  key  ques¬ 
tions,  of  course  are  regarding  the  availabil¬ 
ity  of  reasonably  priced  commercial  receivers 
and  continued  access  to  the  GPS  constellation 
at  ful 1  accuracy. 
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APPENDIX 

Attached  are  two  copies  of  a  computer  program 
(in  "BASIC")  designed  to  (1)  simulate  the  per¬ 
formance  of  typical  cesium  beam  clocks.  (2) 
simulate  the  comparison  noise,  and  (3)  operate 
on  the  simulated  measurements  with  a  Kalman 
Filter  to  obtain  an  optimum  estimate  of  the 
clock's  time.  The  constants  listed  in  the 
program  are  chosen  to  simulate  an  average  com¬ 
mercial  cesium  clock.  The  units  are  in  nano¬ 
seconds  and  the  time  interval  is  one  day. 
Other  values  of  the  sampling  interval  require 
different  numerical  values  for  the  sigmas. 

The  data  used  for  the  Kalman  Filter  corres¬ 
ponds  to  the  data  which  might  actually  be 
available  in  a  real  situation.  Within  the 
program,  however,  the  "true"  time  is  known 
Thus  it  is  possible  to  evaluate  the  absolute 
performance  of  the  Filter  operating  on  the 
simulated  data.  A  slight  modification  of  this 
program  was  used  with  real  data  as  reported  in 
the  text. 

The  first  copy  of  the  program  has  numerous 
remarks  (prefaced  by  "REM")  to  aid  in  the 
understanding  of  the  program.  These  "REMarks" 
are  ignored  by  the  operating  program.  The 
second  version  of  the  program  is  identical  to 
the  first,  except  that  all  remarks  have  been 
deleted  and  the  steps  renumbered.  The  second 
version  was  included  to  demonstrate  how  simple 
the  Kalman  Filter  (which  is  only  a  part  of  the 
program)  can  really  be. 
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For  Kalman  Filtered  Data 


CASE 

Synchronization 

Accuracy 

Time 

Stability 

Syntonization 

Accuracy 

Frequency 

Stability 

A:  Common- 
vi  ew 

<10ns 

~3. 6ns 

V1  dav 

<lxl0"14 

<3.5xl0'15 
t=10  days 

B:  Single 
Satellite 
Short-term 

<50ns 

-0.7ns 

V15s 

~2xlO'1Z 

?  2xl0‘12 
x'lOOOs 

C:  Single 
Satel 1 ite 

13!  day 

<20ns 

'4. 4ns 

v1  day 

'-2x10' 14 

?lxl0*14 
tt  10  days 

Erc'Or*  (Nano 
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Global  time  transfer,  or  synchronization, 
between  a  user  clock  and  USNO  UTC  time  can  be 
performed  using  the  Global  Positioning  System 
(GPS),  and  commercially  available  time  transfer 
receivers.  This  paper  presents  the  test  results 
of  time  transfer  using  the  GPS  system  and  a  Stan¬ 
ford  Telecommunications  Inc.  (STI)  Time  Transfer 
System  (TTS)  Model  502.  Tests  at  the  GPS  Master 
Control  Site  (MCS)  in  Vandenburg,  California  and 
at  the  United  States  Naval  Observatory  (USNO) 
in  Washington,  D.  C.  are  described.  An  overview 
of  GPS,  and  the  STI  TTS  502  is  presented.  A  dis¬ 
cussion  of  the  time  transfer  process  and  test 
concepts  is  included. 
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Abstract 


Intermediate  band  crystal  filters  can  realize 
fractional  bandwidths  of  more  than  1%,  but  design 
and  construction  difficulties  have  severely  limited 
their  general  use,  despite  the  considerable  number 
of  practical  applications.  These  filters  rely  on 
coils  to  broadband  the  response,  and  the  effect  of 
coil  losses  increases  in  proportion  to  the  filter 
bandwidth. 

This  paper  describes  the  development  of  a  IS 
MHz  crystal  filter  with  a  It  fractional  bandwidth. 
An  eigth  order  elliptic  characteristic  was  chosen 
(C0825b  48  ),  using  a  two  crystal  lattice  config¬ 
uration.  The  bandwidth  of  the  filter  was  severely 
narrowbanded  by  coil  losses,  and  it  was  found  to  be 
necessary  to  use  optimization  techniques  to  meet 
the  required  specification.  As  a  result  a  special 
computer  programme  was  developed  which  would 
provide  a  near  optimal  design  allowing  for  an  ar¬ 
bitrary  distribution  of  coil  losses  in  the  chosen 
circuit  conf igurat ion ,  but  which  only  required 
minimal  computational  effort  and  was  almost  fool¬ 
proof  in  use. 

Key  words:  clyStal  filter.  Optimization 
j _ Int  roduct i on 

In  many  respects  a  quartz  crystal  resonator  is 
a  near  ideal  circuit  element,  but  for  filter 
applications  the  small  distance  between  the 
resonant  and  antiresonant  frequencies  limits  the 
bandwidth  achievable  usiny  crystals  and  capacitors 
alone  to  a  few  tenths  of  a  percent.  With  the  use 
of  coils  it  is  possible  to  increase  bandwidths  to 
several  percent,  and  filters  usiny  this  approach 
are  generally  classified  into  intermediate  and 
wideband  types.  In  an  intermediate  band  filter  the 
inductors  act  as  constant  reactances  as  far  as  the 
passband  shape  is  concerned,  and  the  poles  which 
they  introduce  are  assumed  to  lie  well  into  the 
stopband  and  to  produce  no  significant  effects. 
Wideband  filters  have  both  crystals  and  coils  con¬ 
tributing  to  the  passband  characteristic,  and  due 
to  the  enormous  differences  in  the  behaviour  of 
these  two  types  of  component,  this  class  of  design 
is  rarely  practicable;  it  will  be  assumed  that  all 
discussions  from  now  on  are  limited  to  inter¬ 
mediate  band  filters. 


For  filters  of  this  type  a  lattice  configu¬ 
ration  is  almost  invariably  employed,  as  it  pro¬ 
vides  a  flexible  structure  capable  of  realizing 
any  of  the  common  minimum  phase  characteristics, 
while  being  especially  suited  to  the  incorporation 
of  crystal  resonators.  The  basic  lattice  element 
permits  the  static  capacitances  of  the  crystals  to 
be  balanced  at  the  terminals,  and  crystal  losses 
tend  to  round  the  passband  rather  than  introduce 
skewing.  This  is  not  necessarily  true  of  coil 
losses  which  may,  in  certain  configurations, 
introduce  gross  asymmetries  into  the  passband. 

Extensive  tables  of  low  pass  filter  designs 
are  available,  and  these  may  be  transformed  into 
structures  suitable  for  crystal  realizations  by  a 
number  of  methods.  These  techniques  however 
presuppose  an  implementation  by  ideal  lossless  com¬ 
ponents,  and  if  a  very  tight  specification,  or  a 
specification  calling  for  a  fractional  bandwidth  of 
more  than  a  few  tenths  of  a  percent,  is  attempted, 
then  such  a  design  is  unlikely  to  prove 
satisfactory.  The  obvious  answer  to  this  problem 
is  to  employ  iterative  optimization  techniques  to 
correct  the  passband  characteristics  for  component 
losses,  using  the  ideal  circuit  as  a  starting 
point.  Despite  the  apparent  merit  of  this 
technique  it  has  not  achieved  wide  acceptance  anon-, 
practical  crystal  filter  designers,  probably 
because  of  the  considerable  amount  of  computer 
effort  required,  and  the  difficulties  in  locating 
the  optimal  solution  for  a  high  order  crystal 
filter. 

The  purpose  of  the  present  work  is  to  develop 
a  simple  optimization  procedure  which  will  be 
applicable  to  normal  intermediate  band  crystal 
filter  designs,  will  accommodate  an  arbitrarily 
specified  distribution  of  coil  losses,  and  will  ho 
quick  and  reliable  to  use. 

2  General  filter  configuration 

It  will  be  assumed  that  a  low  pass  realization 
of  the  filter  characteristic  is  available  in  the 
form  given  in  Figure  1,  where  each  coil  is  ideal 
and  has  a  coupling  coefficient  of  unity.  This  is 
quite  a  generalized  form  and  can  realize  almost  any 
even  order  minimum  phase  filter  characteri st i c  wifh 
or  without  finite  transmission  zeros,  and  even 
includes  cases  with  finite  transmission  at  infinite 
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f  requency  ,  such  ds  elliptic  type  '  a  '  responses. 

The  transformation  to  lattice  fora  is  then  accom¬ 
plished  hy  the  widely  used  Holt-Gray  transform- 
ationl'?  ( f t y  2 ),  which  includes  techniques  based 
on  Rartlett's  bisection  theorem  as  a  special  case, 
when  ail  attenuation  poles  are  at  infinity. 

This  transformation  uses  the  device  of  constant  re¬ 
actances,  which  are  represented  in  Figure  2  by  rec- 
tanguia"  boxes;  an  equivalent  circuit  for  the  im¬ 
pedance  inverter  is  given  in  Figure  3. 

Having  transformed  each  section  of  the  ladder 
circuit  to  a  lattice  conf igurat ion ,  a  considerable 
number  of  further  transformations  are  possible. 

One  of  these  consists  of  using  impedance  trans¬ 
formation  to  equalize  the  impedance  of  the  in¬ 
verters  and  to  equalize  the  terminations.  The 
inverters  are  then  realized  in  T  fora  and  the 
s-rie$  elements  absorbed  into  adjarent  lattice^;  on 
transformation  to  bandpass  form  this  gives  the  coil 
•M'lmi/ina  circuit  illustrated  in  Figure  4  for  an 
.■’•pit  pole  filter.  A  second  variation  uses  irtped- 
i-v.e  transformation  to  equalize  the  notional 
inductances  between  lattices,  the  inverters  are 
toe"  realized  in  w  form,  and  on  conversion  to  a 
">  t"  l.’.iss  conf  igyration  it  gives  a  circuit  of  the 
’  shown  in  Figure  h  for  an  eighth  order  filter, 
•’it  *irst  sight  it  might  appear  that  all  the 
t  :vin*  t;e>  lay  with  the  coil  minimizing  version; 

tor  finite  attenuation  pole  designs  such  as 
elliptic,  which  are  especially  useful  at  wider 
can  (widths,  this  is  by  no  means  true.  The  finite 
j’tenuatioo  poles  require  different  motional 
inductances  within  each  lattice  for  the  circuit  of 
Fi  ;ure  4,  and  since  the  design  will  in  general  lack 
the  special  symmetries  of  Butterworth  and 
Cnebyshev  "esponses,  each  lattice  will  be  different 
also.  In  addition  the  normal  implementation  of  the 
toil  minimizing  circuit  displaces  all  crystal 
fre;lueocies  down,  mak’ng  it  more  difficult  to 
exclude  unwanted  responses  from  the  passband.  For 
s— a 1 1  quantities  it  is  highly  inconvenient  to 
provide  a  separate  crystal  design  for  each 
resonator  to  allow  for  the  specified  motional  para- 
-eters,  and  the  use  of  tapped  coils  or  capacitor 
transformation  in  the  final  circuit  is  extremely 
awxward.  Due  to  the  different  characteric  imped¬ 
ances  of  the  two  types  of  circuit  the  effects  of 
c o i 1  losses  in  the  equal  motional  inductance  design 
are  not  by  any  means  double  those  in  the  coil  mini- 
nziny  structure.  In  fact  in  many  cases,  including 
the  specific  example  to  be  discussed  in  this  paper, 
the  equal  motional  inductance  circuit,  without 
optimization,  gives  an  intrinsically  more  satis¬ 
factory  response. 

For  these  reasons  we  will  restrict  specific 
consideration  to  the  equal  Lm  circuit  of  Figure  5. 
'r  addition  the  coil  losses  and  crystal  losses  for 
T"'.  type  if  structure  only  produce  a  symmetrical 
distortion,  inrl  this  considerably  reduces  the 
r  .r "of  of  variables  in  the  optimization  problem. 

T  Tie  opt  mi  ,-at  i on  procedure 

“avi"j  chose"  the  circuit  structure,  in  this 
i  -t:1;  j s ’ e  1  to  equalize  motional  inductances,  the 
overall  --mf  lguraf  ion,  prior  to  conversion  to 


bandpass  form,  may  be  represented  as  a  cascade  of 
lattice  sections  and  impedance  inverters  (Fig  6). 
Shunt  resistances  are  shown  on  each  side  of  each 
inverter;  in  the  final  circuit  the  shunt 
reactances  of  the  inverters  will  be  simulated  by 
inductors,  and  a  parallel  resistance  provides  a 
simple  but  quite  realistic  model  of  the  loss  even 
for  a  centre  tapped  coil.  It  is  assumed  that  the 
ESRs  of  the  crystals  within  each  lattice  are  equal, 
crystal  losses  are  a  small  effect  in  tnis  case,  and 
this  assumption  is  a  'priori'  as  probable  as  any. The 
motional  inductance  is  generally  specified  at  the 
outset  by  the  resonator  design,  it  is  therefore 
desirable  to  impose  the  constraint  that  the 
motional  inductances  within  the  circuit  should 
remain  equal  and  at  their  specified  va'ue.  The 
ESP.s  of  the  crystals  move  the  transmission  zeros  a 
snail  distance  off  the  imaginary  axis  in  the  com¬ 
plex  s  plane,  but  this  is  a  minute  effect  and  is 
not  easily  corrected  by  optimi zation.  For  this 
reason  a  second  constraint  is  imposed  on  each 
lattice  to  fix  the  positions  of  the  transmission 
zeros  as  close  to  their  ideal  locations  as  poss¬ 
ible.  This  has  no  perceptible  effect  on  the  pass- 
band  characteristic,  and  can  at  most  cause  some 
Smearing  of  the  zeros  in  the  stopband.  41  so 
insisting  that  the  constant  reactances  in  the  shunt 
and  series  arms  of  each  lattice  retain  their 
equality  of  magnitude  but  difference  of  sign, 
ensures  that  the  response  remains  symmetric. 

Given  these  constrains  there  is  in  effect  one 
adjustable  parameter  per  lattice  available,  in 
addition  to  the  impedance  of  each  inverter  and  each 
termination.  So  for  the  eighth  order  filter  illus¬ 
trated  there  would  be  a  total  of  nine  circuit 
parameters  which  could  be  varied  in  the  optimization 
procedure.  For  such  a  filter  the  response  is  now 
totally  specified  by  the  eighth  order  polynomial  in 
s  which  gives  the  transmission  poles  in  the  complex 
s  plane.  As  the  response  is  constrained  to  be 
symmetric  the  nine  polynomial  coefficients  are 
necessarily  real,  and  these  nine  'characteristic 
parameters'  directly  determine  both  passband  shape 
and  insertion  loss.  Therefore  specifying  the 
desired  loss  and  passband  shape  fixes  the  ideal 
values  for  the  nine  'characteristic  parameters' , 
and  the  problem  is  to  determine  the  nine  values  of 
the  circuit  parameters  which  will  provide  these 
ideal  values.  It  will  be  noted  that  all  this  man- 
inpulation  is  being  done  prior  to  the  bandpass 
transformation ;  this  produces  slight  simplification 
without  any  significant  loss  of  generality. 

Continuing  with  an  eighth  order  filter  as  an 
example,  we  nay  suppose  that  the  ideal  values  for 
the  polynomial  coefficients  are  given  by 
(aj0,  a^0  ...  ag°),  therefore  defining  a  parameter 

J  -  f  w,(3j  -  a,0)?  5  (1,  Wi-o  (1) 

i-1 

where  the  quantities  ( a  j ,  a?,  ...  aq)  are  the 
actual  coefficients;  the  problem  is  to  fnd  the 
global  minimum  of  J,  at  which  point  its  va i ue  will 
hopefilly  be  zero.  In  general  each  a,  will  be  a 
function  of  all  nine  circuit  variables,  and  as  we 
ar.»  seeking  a  point  where  J  =  n,  all  a,  =  a-j0  ard 
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the  precise  values  of  the  weights  Wj  are  not  very 
important  though  they  nay  affect  the  conditioning 
of  the  problem. 

There  are  many  algorithms  available  for  this 
type  of  problem3'4,  one  of  the  simplest  is  the 
steepest  descents  method,  which  consists  of 
choosing  iterative  increments 


Newton-Raphson  formula  are  performed  at  each  step, 
then  the  solution  will  track  the  target  closely  as 
the  final  configuration  is  approach.  By  these 
means  the  problem  of  being  diverted  on  to 
subsidiary  minima  is  avoided,  and  a  good  starting 
point  is  always  available  for  the  iteration,  per¬ 
mitting  the  use  of  the  more  efficient 
Newton-Raphson  method. 


.'-Pi  *  -  3J  (2) 

iPi 

where  p,  are  the  circuit  parameters.  This  method 
is  guaranteed  to  converge,  but  convergence  is  only 
linear,  and  it  is  therefore  very  slow  in  the 
neighbourhood  of  the  minimum.  If  second  deri¬ 
vatives  of  J  are  known  then  much  faster  iterations 
may  be  employed,  giving  quadratic  convergence. 


In  the  actual  computer  program  the  filter 
response  was  analysed  by  multplying  the  chain  mat- 
trices  of  successive  stages,  as  shown  in  Figure  6. 
From  this  the  coefficients  of  the  polynomial  deter¬ 
mining  the  location  of  the  transmission  poles  were 
evaluated.  As  each  adjustable  circuit  parameter 
appears  in  just  one  of  these  sections,  the  para¬ 
meters  jei/kpj  could  also  be  determined  by  the  same 
method. 


J(Pi+.',Pi ) 


J(Pj  )  +  v  APi+i?  a?J  APjAPi*. 
apj  ij  api?j 


(3) 


For  a  minimum  we  require 

A J(Pi  +  A Pi)  =  0 
\'Pi 

*  _aJ  +  v  d2J  APj  (4) 

?Pi  j  aPi^Pj 


which  provides  a  set  of  simultaneous  equations  for 
the  Apj.  Unfortunately  the  set  of  second  deriv¬ 
atives  is  prohibitively  large  and  it  is  advisable 
to  avoid  calculating  them  if  at  all  possible.  One 
method  for  doing  this  is  to  write  J  in  the  form 
v e i 2 ,  where  e,  =  Wjl/2(aj_a<0) (  an<)  note  that 
i 

=  2V  .  2fi  +  2V  ei 

'Pj^Pk  1  ?Pj  APk  i  3PjSpk  (5) 


then  if  the  minimum  of  J  corresponds  to  a  point 
where  all  ej  =  0,  as  we  require,  then  it  is 
permissible  to  neglect  the  second  term  in  Eq  (5). 
With  this  modification  we  obtain 


"ei  *  r  "ei  ■  -ei  ■  APk  »  0 

i  'pj  ik  >pj  apk  (6) 

If  tie  matrix  ^ej/opj  possesses  an  inverse,  as  it 
does  in  our  case,  then  this  reduces  to 


<M  ►  '  ;cA  A  Pic  =  0  (7) 

k  'Pk 

which  is  obviously  the  Newton-Raphson  formula. 

This  iteration  converges  quadratical ly  but  it  is 
likely  to  diverge  unless  a  good  starting  point  is 
available.  A  serious  problem  is  created  by  the 
presence  of  local  minima  in  the  function  J,  which 
will  stall  any  of  the  common  search  routines,  for 
this  reason  it  is  rarely  profitable  to  attempt  a 
direct  optimization.  However  as  the  exact  solution 
for  the  lossless  case  is  known,  it  is  possible  to 
adopt  a  simple  but  effective  expedient.  If  the 
losses  are  ‘turned  on'  in  a  number  of  small  incre¬ 
ments,  and  a  few  iterations  using  the 


4  Experimental  results 


The  test  vehicle  for  the  method  described  in 
the  previous  sections  was  a  filter  with  a  centre 
frequency  of  15  MHz,  a  1%  fractional  bandwidth, 
and  a  shape  factor  to  70  dB  of  1.33.  The  basic 
design  chosen  was  an  elliptic  characteristic, 

C0825b  48° 3 ,  which  in  principle  permitted  a 
fairly  easy  realization  with  eight  crystals. 

A  trial  filter  was  constructed  using  the  ideal 
equal  motional  inductance  design  with  no  pre- 
distortion,  and  the  experimental  result  is  shown  in 
Figure  7.  As  expected  this  filter  possessed  an 
essentially  symmetric  characteristic,  but  the 
pass-band  was  considerably  rounded,  and  the  loss  in 
1  dB  bandwidth  was  between  30  and  40  kHz. 

Using  the  same  elliptic  characteristic  an 
optimized  design  was  then  developed.  It  was  found 
that  a  full  correction  for  the  specified  coil 
losses  was  only  possible  if  the  design  insertion 
loss  was  above  a  certain  critical  value;  in  this 
case  it  was  necessary  to  specify  an  insertion  loss 
of  over  12  dB.  It  is  also  normally  necessary  to 
start  the  optimization  from  an  ideal  design  with  a 
loss  close  to  the  final  value  required.  Therefore, 
crudely  speaking,  it  is  only  possible  to  correct  a 
rounded  filter  response  by  pushing  down  the  centre 
of  the  passband,  not  by  pulling  up  the  corners.  In 
practice  the  insertion  loss  is  always  higher  than 
this  design  figure  because  losses  in  the  end  coils 
are  not  taken  into  account;  as  far  as  the  filter 
is  concerned  these  losses  appear  as  part  of  the 
terminations  and  do  not  affect  passband  s  ape. 
Responses  of  the  fully  optimized  filter  are  shown 
in  Figures  8  and  9.  The  predistortion  successfully 
restored  the  1  dR  bandwidth  to  its  ideal  design 
value,  and  there  was  no  degradation  in  shape 
factor.  The  crystals  used  in  the  filter  were  de¬ 
signed  so  that  no  unwanted  responses  would  appear 
in  the  passband,  and  careful  selection  was  employed 
to  minimize  their  effects  in  the  stopband.  The 
main  discrepancy  with  the  ideal  design  was  the 
passband  ripple,  which  was  0.8  dB  rather  than  0.3 
dB.  Extensive  circuit  analysis  failed  to  locate  a 
specific  cause  for  this,  and  it  was  attributed  to 
accumulated  tolerancing  errors  throughout  the 
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filter.  It  was  found  that  careful  matching  of  the 
notional  inductances  of  crystals  within  each 
lattice  produced  a  significant  improvement  in 
passband  ripple.  Matching  between  lattices  is 
unnecessary  as  any  differences  are  automatically 
corrected  during  filter  alignment.  All  the  coils 
employed  were  of  carefully  selected  dust-iron  type, 
and  were  matched  with  NTC  capacitors  to  provide 
temperature  stability. 

5  Conclusions 

It  has  been  demonstrated  that  for  certain 
types  of  crystal  filter,  simple  optimization  tech¬ 
niques,  practicable  even  on  a  desk  top  computer, 
can  yield  excellent  results.  The  method  was  tested 
experimentally  with  a  15  MHz  1%  fractional  band¬ 
width  design.  Due  to  circuit  tolerances  some  dis¬ 
crepancies  still  remained,  but  certain  possible 
trade-offs  were  observed.  In  the  filter  which  was 
constructed  the  motional  inductances  of  the 
crystals  were  of  the  order  of  23  mH,  and  this  high 
value  was  a  direct  consequence  of  ensuring  that  no 
unwanted  crystal  responses  could  appear  in  the 
passband.  However,  the  effect  of  allowing  some 
small  spurious  responses  into  the  passband  can  be 
made  quite  negligible,  and  if  this  is  permitted  a 
very  worthwhile  reduction  in  filter  impedance  can 
be  made.  The  effect  of  losses  is  to  round  the 
passband  and  also  to  reduce  passband  ripple,  so  if 
any  reduction  in  bandwidth  is  permissible,  it  is 
probably  wise  not  to  optimize  for  the  full  losses, 
but  to  seek  a  compromise  where  some  of  the  losses 
are  used  to  suppress  ripple. 
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Figure  1  Generalized  Low  Pass  Filter 


F igure  2.  Holt-Gray  T ransformation 


F  igu re  3 .  I  nverter  E qu  i valences 
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Figure  4.  Coil  Minimizing  Circuit  Configuration 


Figure  5.  Equal  Motional  Inductance  Circuit  Configuration 
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Figure  6.  Generalized  Lattice  Filter  with  Losses 
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'J  Abstract 

SAW  filters  are  often  required  by  systems  to 
possess  low  loss,  low  passband  ripple  and  high 
out-of-band  rejection  properties  simultaneously. 

This  paper  describes  two  recent  developments  in 
the  design  of  such  low  loss  filters. 

In  the  first  approach,  three  bidirectional 
transducers  are  arranged  colinearly  to  eliminate 
half  of  the  6  dB  bidirectional  loss.  The  unique 
feature  of  this  design  lies  in  the  use  of  centro- 
symmetric  transducers  for  broadband  triple  transit 
suppression.  Two  design  examples  are  reported. 

The  filter  fractional  bandwidths  range  from  1.8T 
to  10.5". 

A 

For  the  second  approach,  a  new  type  of  con¬ 
necting  and  matching  the  group  type  undirectional 
transducer  (UDT)  is  described  for  narrowband 
filters.  In  this  method,  one  of  the  two  groups 
in  the  UDT  is  inductively  matched  to  serve  as 
acoustic  reflector.  Triple  transit  level  of 
better  than  -50  dB  is  achieved  for  a  device  of  8  dB 
loss.  The  in-band  peak-to-peak  (p-p)  amplitude 
ripple  is  less  than  0.05  dB. 

Introduction 

Many  systems  require  surface  acoustic  wave 
(SAW)  filters  which  have  low  insertion  loss  [-  8  dB), 
low  ripple  (s  0.5  dB)  and  high  out-of-band  rejection 
(.  35  dB).  Several  techniques  have  been  employed  ,  ^ 
to  construct  filters  with  these  desired  properties. 
One  approach  is  to  use  three  bidirectional  transdu¬ 
cers  arranged  colinearly  to  eliminate  half  of  the 
6  dB  bidirectional  losses.  With  the  center  trans¬ 
ducer  receiving  equal  wave  fronts  from  both  direc¬ 
tions,  the  total  incident  power  may.be  extracted 
and  triple  transit  echo  eliminated.  This  design 
offers  simplicity  and  flexibility  in  device  weight¬ 
ing,  matching  and  fabrication,  but  often  suffers 
from  poor  performance.  The  other  approach  elimi¬ 
nates  bidirectional  loss  altogether  by  employing 
unidirectional  transducers  ( UDT ) A-4  These  UDT 
designs  require  more  sophisticated  design,  fabri¬ 
cation  and  matching  techniques,  and  have  been 
reported  in  the  literature. 

In  this  paper,  new  types  of  filters  based  on 
these  two  basic  approaches  are  reported.  For  the 
first  approach,  the  filter  is  designed  with  symme¬ 
tric  and  antisymmetric  transducers  for  broadband 


triple  transit  cancellation.  For  the  second 
approach,  a  hitherto  unreported  way  of  connectinq 
group  type  UDT  is  employed  to  achieve  maximum 
triple  transit  cancellation.  Both  techniques 
offer  advantages  for  specific  applications. 

Centrosynmetric  Transducer  Design 

The  design  with  three  bidirectional  trans¬ 
ducers  is  the  simplest  in  design  and  fabrication. 

As  mentioned  in  the  introduction,  the  design  < 

ideally  achieves  a  minimum  loss  of  3  dB  with  no  ' 

triple  transit  echoes.  In  reality,  the  center  j 

transducer  cannot  be  perfectly  matched  over  the  I 
bandwidth,  and  triple  transit  echoes  produce  pass- 
band  ripple,  which  when  enhanced  by  low  insertion 
loss,  causes  unacceptable  filter  performance.  To 
achieve  braodband  triple  transit  cancellation, 
the  outer  transducers  can  be  designed  to  be  iden¬ 
tical  except  that  one  has  symmetric  and  the  other 
antisymmetric  finger  configuration  with  respect 
to  the  transducer  center  line.  Such  filte-s  retain 
the  advantages  of  the  three-transducer  approach 
while  achieving  good  performances. 

The  filter  configuration  is  shown  schemat¬ 
ically  in  Figure  1.  This  centrosynmetric  trans¬ 
ducer  design  is  based  on  the  principle  that  if  the 
center-to-center  separations  between  the  center 
transducer  to  outside  transducers  are  equal,  the 
signal  received  at  the  symmetric  outer  transducer 
will  have  a  90°  phase  difference  from  that  received 
at  the  antisyrrmet  ic  transducer.  This  90r  phase 
relation  is  also  maintained  at  all  frequencies  if 
the  transducers  are  truly  equal  but  have  different 
symmetry.5  Triple  transit  echoes  from  the  trans¬ 
ducer  pairs  therefore  differ  by  180c  and  are 
effectively  suppressed. 

One  narrowband  and  one  wideband  filter  were 
designed  with  the  centrosymmetric  configuration. 

Figure  2  shows  the  frequency  response  of  a  narrow- 
band  device  fabricated  on  128°  rotated  Y-cut  LiNbO,. 
In  this  example,  the  two  outer  transducers  are 
source  withdrawal  Hamming  weighted.  One  has  an 
antisymmetric  finger  configuration  while  the  other 
is  symmetric.  The  center  transducer  is  symmetric 
and  apodized,  also  with  Hamming  function.  The 
performance  of  this  filter  is  summarized  in  Table  1. 
For  this  device,  only  the  center  transducer  is 
matched.  Of  the  5.2  dB  insertion  loss,  3  dB  ;s 
bidirectional  loss.  0.8  dB  is  due  to  apodization 
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loss  o?"  the  centee  transducer.  The  rest  is  due  to 
mismatch  and  resistivity  losses. 

The  second  example  is  a  wideband  device  whose 
response  is  shown  in  Figure  3.  Table  2  summarizes 
the  device  performances .  For  this  device,  the 
outer  two  transducers  were  apodized  with  sin  x/x 
function.  Again,  one  has  an  antisymmetric  finger 
configuration,  while  the  other  is  symmetric.  The 
center  transducer  is  source  withdrawal  weighted, 
also  with  sin  x/x  function.  The  slightly  higher 
p-p  amplitude  ripple  of  this  device  is  partly  due 
to  bulk  wave  interference.  Better  results  could 
be  obtained  if  multistrip  couplers  were 
incorporated. 

To  further  demonstrate  the  versatility  of  the 
centrosymmetric  design,  the  narrow  band  filter 
design  was  implemented  with  split  finger  configura¬ 
tion.  Strong  third  harmonic  response  is  observed. 
Figure  4  shows  the  third  harmonic  response  of  the 
nar>-owband  filter  fabricated  on  MDC  LiTaOy  This 
response  was  obtained  without  any  matching  elements. 
The  insertion  loss  is  about  9  dB  and  the  passband 
ripple  is  only  0.25  dB  p-p.  The  out-of-band 
rejection  of  this  filter  is  greater  than  55  dB. 

Group- Type  Un i d i rectional  Transducers 

The  group-type  unidirectional  transducer  is 
ideal  for  narrowband  filter  applications.  It  can 
be  fabricated  with  one  step  photolithographic  pro 
cess  similar  to  conventional  bidirectional  devices. 
The  matching  technique  of  group-type  unidirectional 
transducer  has  been  discussed  in  the  literature. 

It  requires  either  a  90'  phase  shifter  or  carefully 
chosen  networks.  Both  transducers  in  each  oroup- 
type  1  IDT  receive  signals  at  a  90"  phase  difference. 

In  a  new  approach  shown  schematically 
in  Figure  5,  only  one-half  of  the  group-type 
UDT  is  connected  to  the  electrical  source.  The 
other  is  inductively  tuned  to  serve  as  resonant 
acoustic  reflector.  This  concept  is  similar  to 
that  reported  hy  Smith,  et  al.,  in  one  of  the 
earlier  papers?  dealing  with  resonated  acoustic 
reflectors.  The  difference  is  that  in  the  previous 
case  two  transducers,  each  with  only  one  group, 
are  employed.  As  will  be  shown  by  the  two  examples, 
excellent  triple  transit  cancellation  and  unidirec¬ 
tional  operation  can  be  achieved  with  such  matching 
techniques.  The  matching  elements  required  consist 
of  inductors  and  capacitors.  Size  and  complexity 
of  the  filter  are  greatly  reduced. 

Two  filters  with  fractional  bandwidth  ranging 
from  0.2  to  0. 5  were  designed  and  constructed. 
Mqure  6  shows  the  response  of  a  filter  with  center 
frequency  of  97.29  MHz  and  3  dB  bandwidth  of 
0.24  MHz.  The  overall  feature  of  the  response  of 
the  0.5  MHz  in-band  characteristic  is  shown  in 
figure  7  at  a  1  dB/div  scale.  The  desiqn  and  per¬ 
formance  curves  of  the  two  filters  are  summari  zed  in 
Tables  3  through  5.  Three  transducers  were  used  in 
these  designs  so  that  weighting  can  be  easily 
implemented  with  the  center  transducer,  while  the 
outside  group-type  UDT’s  can  be  optimized  for 
insertion  loss  and  triple  transit  suppression. 


The  lonn  transducers  required  to  weight  these 
narrowband  filters  also  required  the  use  of  finger 
withdrawal  weighting  instead  of  apodization  to 
minimize  diffraction  effects. 

Conclusion 

The  centrosymmetric  transducer  design  offers 
simplicity  and  flexibility  in  implementing  low  loss, 
low  ripple  SAW  filters.  Because  of  its  simplicity 
in  fabrication,  higher  operating  frequency  can  be 
achieved  compared  to  the  unidirectional  approach. 

With  harmonic  operation,  low  loss,  low  ripple 
filters  above  2  GHz  can  be  constructed.  When  a 
high  coupling  substrate  is  used,  the  multistrip 
coupler  UDT  approach  can  also  be  combined  with 
the  centrosynmetric  design  to  further  reduce  loss 
while  retaining  the  one  step  fabrication  advantage. 

The  simplified  matching  technique  for  the 
group-type  UDT  reduces  matching  complexity  while 
maintaining  excellent  performance.  This  results 
in  potential  reduction  in  filter  size,  weight,  and 
costs. 
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Table  !.  Performance  of  narrowband 
filter  with  centrosymmetric 
transducer  design 


Center  Frequency 
3  dB  Bandwidth 


Substrate 


Insertion  Loss 


In-Band  Ripple  (p-p) 
Out-of-Band  Rejection 
Triple  Transit  Level 


1.7  MHz 


128°  Rotated  Y-Cut  LiNbO, 
X-Propagation 


Table  4.  Performance  of  the 

0.24  MHz  bandwidth  filter 


Center  Frequency 
Fractional  Bandwidth 
Insertion  Loss 
Amplitude  Ripple  (p-p) 
Shape  Factor  (40  dB/3  dB) 
Sidelobe  Rejection 
Triple  Transit  Level 


97.29  MHz 


0.05  dB 


-  £0  dB 


Table  2.  Performance  of  wideband 

filter  with  centrosymmetric 
transducer  design 


Center  Frequency 
3  dB  Bandwidth 


Substrate 


Insertion  Loss 


In-Band  Ripple  (p-p) 
Out-of-Band  Rejection 
Triple  Transit  Level 


162  MHz 


128°  Rotated  Y-Cut  LiNbO, 
X-Propagation  J 


Table  5.  Performance  of  the 

0.5  MHz  bandwidth  filter 


Center  Frequency  92.8  MHz 

Fractional  Bandwidth  0.54 

Insertion  Loss  8  dB 

Amplitude  Ripple  (p-p)  -  0.05  dB 

Shape  Factor  (40  dB/3  dB)  1.6:1 

Sidelobe  Rejection  30  dB 

Triple  Transit  Level  <  -  50  dB 


-  30  dB 


Table  3.  G^oup-Type  •jD’  Des'on 


Cen*er  fi-eajenc.y  Q7.3  92. P 

3  dP  Bard^dt*  (mh2)  C.24  0.5 

Substrate  0riertatior  ST  Quartz,  >-prccaoat  •or' 

Substrate  h-ers'or  hr.)  3.1x0.25x0.025  1  .  "0. 2*0. 025 


Corf’q-jratior 


Center  Var-sdjcer 
' nr. 


No  .  O  *  ‘  •  n  r  •  r  <, 
ppr  Seft’f.n 


Split  i-rir^»rs  Der  Cpr- 


Source  W' t^drawal , 

Sir  */v  r  Ur  C  t 1 Pr 


Figure  1.  Schematic  configuration 
of  the  centrosyrnmetr-'c 
transducer  desian 
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— '  ABSTRACT 

"r  are  enuaoed  in  the  development  of  VHf 
rultipole  SAt '  resonator  filters  which  are 
required  to  have  hinh  rejection  levels  (>  61  dB), 
filter  r  value'  in  the  ranne  of  4011,  and  low 
shane  factors  (  4:1).  Mere  we  present  the 

salient  aspects  of  filter  desicin  and  fabrica¬ 
tion,  and  discuss  experimental  results.  Our 
procedure  utilizes  the  synthesis  techniques 
developed  hv  "atthaei  plus  detailed  equivalent 
circuit  analysis  calculations  to  finalize  each 
lies  inn.  Inter-cavity  couPlinu  is  by  transducers 
or  reflectors  and  the  filter  desinn  is  synchro¬ 
nous,  that  is;  each  cavity  is  set  to  resonate  at 
the  sane  frequency  when  coupled.  Theoretical 
and  experimental  results  are  presented  for 
several  multipole  confiuurations  demonstrat inn 
the  efficacy  of  the  desinn  and  fabrication 
techniques.  For  example,  six-pole  filters  have 
been  produced  with  7  dB  loss,  55  dB  rejection, 
and  an  acceptable  passband  shape. 

A 

Introduction 

The  purpose  of  this  work  has  been  to 
produce  hi  oh  performance  multipole  SA1'  resonator 
filters  requirino  up  to  six  resonant  cavities 
(or  poles)  to  attain  the  reauired  shape  factors. 
The  filter  requirements  are  listed  in  Table  I, 
and  reference  to  standard  filter  texts'-'’  shows 
that  a  minimum  of  three  poles  is  required  for 
the  Type  I  desinn  and  five  for  the  Type  II 
filter.  Since  three-  and  five-pole  desions  only 
barely  meet  the  filter  requirements,  vie  have 
implemented  four-  and  six-oolp  desinns, 
respectively.  Tinnle-pole  Sfl'-l  resonators  are 
well  developed^’4  and  two  multiple-pole  SA” 
resonator  synthesis  techni ques5 -5  have  hpen 
proposed.  In  our  work  we  have  developed  addi¬ 
tional  techniques  for  cavilv  and  munle"- 
trimminn.  the  use  of  unloaded  reflection  coef¬ 
ficient  measurements,  and  the  implementation  of 
an  ilvr.is  techniques  to  realize  synchronously 
tuned  '"ul  t  i  oo  1  e  r  V 1  filters.  These  techniques 
nd  the  results  attained  are  discussed. 

*  This  work  is  supported  by  the  U.S.  Naval 
W'-, earth  Laboratory  under  Contract  No. 

"I'll  1 4-  HI  -C-2066 . 


Table  I 

Required  Frequency  Response  Characteristics 


Type  I  Type  11 


Center  Frequency  (Fr)  150  Mhz  217  MHz 

3  dB  Filter  Bandwidth  37  kHz  (min)  40  kHz 
(AT  3) 

3:60  aB  Shape  Factor  1:8.1  1:4 

Response  Tchebyscheff  Butterworth 

Insertion  Loss  -  Max  6  dB  10  dB 

Out-of-Band  Rejection  60  dB  rin  60  dB 
Minimum  No.  or  poles  3  5 


F i 1  ter  Desinn 

Je  me  currently  usin'  .he  filter  synthe¬ 
sis  technique  developed  by  Ma  thaei^  as  we  have 
found  that  bis  procedures  permit  rapid  and 
t-eaS'--  My  accurate  lesions.  Matthaei'sp  use  of 
a  'tv  !  { a n x7. •  *  -  ■)  low-pass  prototype 

rc  *  ■'  some  .‘t.unctag  of  the  filter  passband 

••.due.  von  appl’ed  tc  the  finite-loss  structures 
we  must  wtri  with,  'he  finite-loss  decreases 
the  accuracy  of  the  design  somewhat,  but  we  have 
not  found  this  to  oe  a  significant  limitation 
in  the  VHF  ranoe.  Followina  synthesis  we  use 
an  equivalent  circuit  model,  based  on  the  closed 
form  computational  techniques  discussed  by 
Chen,7  to  check  the  accuracy  of  the  desinn 
parameters  and  to  make  the  small  adjustments 
which  we  find  are  normally  required  to  vield 
the  passband  response  desired.  Further,  our 
analysis  technique  allows  us  to  compute  the 
frequencies  to  which  each  cavity  must  be  tuned, 
in  isolation,  such  that  synchronous  operation 
is  achieved  when  all  cavities  are  coupled.  For 
two-port, sinqle-pole  structures  we  calculate 
the  transmission  resonance  frequency  and.  for 
two-oort,  two-oole  acoustically-coupled 
sections,  we  calculate  the  electrical  reflec¬ 
tion  coefficient  resonance  freauency  for  each 
cavity  with  the  opposite  cavity  unloaded. 

**  Present  address:  Schl unberoer-Dcl 1  Research 
Center,  Ridoefield  CT  06877. 
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Ourinq  fabrication  we  then  set  each  cavity  to 
the  calculated  frequency.  The  transmission 
response  of  each  two-pole  acoustically-coupled 
pair  is  also  calculated  to  ascertain  the  shape 
of  this  response.  This  shape  is  then  re¬ 
produced  as  accurately  as  possible  durino 
fabrication  by  trinninn  the  cavity  resonance 
frequencies®  and  by  adjustinq  the  reflector 
couplinn  strenath  usino  a  selective  etchinq 
technique. 

Our  desians  utilize  transducer  and 
reflector  couplina  only  since  these  allow  us  to 
achieve  the  ranqe  of  couplina  values  required 
while  suppress  inn  unwanted  responses.  Further 
the  technoloay  for  producinq  the  devices  with 
these  coupling  techniques  is  available  and 
these  techniques  have  no  adverse  thermal  or 
aainn  effects.  In  Fia.  1  we  show  the  desiqn 
of  a  four-oole  Type  1  filter  where  we  note  the 
use  of  split-symmetric  transducers  in  the 
sinqle-pole  sections.  These  transducers  were 
used  to  allow  for  laraer  transducers  to  attain 
larner  couplina  values  without  causinq  addi¬ 
tional  lonaitudinal  mode  responses.  Two  sets 
of  transducer  coupled  staaes  were  required  to 
theoretically  attain  the  required  60  dB  rejec¬ 
tion  thouqh  two  sets  of  acoustically  coupled 
pair  would  have  heen  more  efficient  spacewise. 
ue  note  further  that  the  transducer  couplers 
were  purposelv  rad"  larner  than  required  to 
allow  us  to  use  variable  de-couplinn  capacitors 
(C]£  and  C34  on  Fin.  1)  to  compensate  for 
various  errors.  The  corouted  response  for  the 
desinn  of  Fia.  1  is  shown  in  Fin.  2  where  we 
note  that  the  theoretical  rejection  of  60  dB 
just  meets  the  required  value.  Also,  the 
passband  response  of  Fin.  2  is  not  a  Tchebv- 
sc.heff  since  there  is  only  one  (0.5  dB]  dip. 

The  theoretical  loss  is  onlv  2.1  dB  (in  vacuum), 
however,  and  the  shape  factor  is  lower  than 
reuui red. 
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S(hn-atic  snnwino  the  fnur-pnlp  ron- 
f>  "jra'ion  with  component  values  riven 
for  a  T /re  1  filter  desinn. 


FREQUENCY  IMHtl 

Fig.  2.  Computed  frequency  response  for  the 
Type  I  filter  desiqn  of  Fia.  1.  The 
nininur  loss  is  2.1  dB. 


The  desiqn  of  a  six-pole  filter  is  shown 
in  Fiq.  3  where  we  utilize  three  acoustically 
coupled  sections  coupled  tonether  usino  trans¬ 
ducer  couplers,  and  the  variable  de-couplinn 
capacitors.  The  computed  response  is  shown  in 
Fin.  4  where  we  note  the  rejection  level  of 
74  dB  and  an  approximate  Butterworth  passband. 
The  3  dB  bandwidth  for  Fiq.  4  is  49  kHz,  with  a 
loss  of  4.3  dB  and  a  shape  factor  of  3.5,  all 
well  within  specification. 
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Fig.  4.  Computed  frequency  response  for  the 
Type  II  filter  design  of  Fin.  3.  The 
minimum  loss  is  4.3  dB  and  the  3  uR 
bandwidth  is  43  kHz  with  a  3/63  •*? 
shape  factor  o'  1 :3.5. 


Fabrication 

> >e  are  usinq  the  recessed-aluminum- 
t>'ansducer/etched-qroove-reflector  con fi miration 
tor  these  filters  and  the  basic  fabrication 
procedures  are  as  discussed  previously.® 
Important  new  aspects  of  this  work  are  the  use 
of  a  selective  etching  technique®  to  trir  the 
cavity  resonance  frequency  of  each  cavity  to 
the  required  calculated  value,  the  use  of 
selective  etchinn  to  adjust  the  coupling  reflec¬ 
tors,  and  the  techniaues  for  measurina, usinn 
orobes,  the  transducer  electrical  parameters. 
Most  of  our  devices  have  been  fabricated  mono- 
lithically;  that  is,  all  filter  sections 
(defined  to  be  a  two-oort,  sinole-nole  or  a 
two-port,  two-nole  resonant  System)  are  placed 
on  the  same  quartz  substrate.  Each  substrate 
was  then  mounted  on  a  cold  weld  sealable  header 
and  sealed  in  vacuum.  However,  we  have  found 
that  it  is  very  difficult  to  reduce  the  leakaoe 
(olectromannetic  feedthrough)  to  acceptable 
levels  using  the  monolithic  schene,  so  we  have 
also  placed  each  section  in  a  separate  header 
and  assembled  the  transducers  on  a  board.  The 
board  also  has  the  matchina  networks  and 
coupling  components  mounted  so  as  to  be  easily 
chanoed  to  achieve  the  optimum  values. 


results  are  similar-  i.e.,  the  desired  band- 
widths  and  center  freauency  were  generally 
attained  but  the  rejection  level  and  passband 
shape  were  not.  For  these  four-pole  devices 
the  rejection  was  generally  15  to  20  dB  poorer 
than  predicted,  the  losses  were  greater  and 
the  passhand  did  not  conform  to  the  Tcnebysrheff 
type  response. 


forrjutfccv  wmj 

Fiq.  5.  Frequency  response  of  a  Typ"  1  £i1ter 
approximately  par  the  desicin  or  Fin.  1. 
The  3  dB  bandwidth  is  45  kHz  and  the 
f  1 1  ten  '•  is  mpnol  i  thic. 


The  response  of  a  six-oole  Type  II  filter, 
also  fabricated  nonolithically  is  riven  in 
Fin.  6.  For  this  device  the  rejection  level  is 
close  to  50  dB  which  is  also  the  approximate 
leakaoe  level.  The  oassband  is  not  a  Butter- 
worth,  but  the  loss  level  of  5.7  do  is  not 
sianificantly  areater  than  the  corputed  value 
of  4.3  dB.  The  response  of  another  six-oole 
filter,  which  was  not  fabricated  munol i thically  . 
is  given  in  Fin.  7  and  we  see  a  significant 
reduction  in  leakage,  an  improvement  in 
rejection  to  about  56  dB,  and  a  smoother  pass- 
band  shape.  For  this  filter  we  were  able  to 
optimize  the  coupling  elements,  which  were 
inductors  due  to  an  increase  in  parasitic 
couplinn  capacitance,  something  which  is  much 
more  difficult  to  do  in  the  monolithic  con¬ 
figuration. 


Experimental  pesu1ts 

The  response  o'  a  four-pel"  Tvoe  I  filter, 
fabricated  nonolithically,  is  shown  in  Fig.  5. 
The  insertion  loss  of  6  dB  iust  meets  specifi¬ 
cation  but  is  sioni  £icantly  larger  than  t(,g 
computed  value  of  2.1  dB.  The  3  an  bandwidth 
o*  45  kHz  is  quite  close  to  the  design  value 
of  47  kHz.  but  the  rejection  is  onlv  40  dp 
compared  to  60  dB  comnufed.  The  passband  has  a 
ripple  nf  about  1  dR  peak-to-peak  compared  to 
an  p.pefted  value  of  0.5  dP.  Several  nthe- 
devii.e',  of  this  type  were  fabricated  and  the 


The  results  shown  above  are  very  en¬ 
couraging  in  that,  to  our  knowlednp,  we  have 
produced  the  first  six-pole  SA'-1  resonator 
filter  trade  anywhere,  and  that  the  performance 
of  these  devices  comes  relatively  close  to 
meeting  difficult  specifications.  However,  a 
significant  amount  of  work  remains  to  he  done 
to  produce  svstem-aualitv  devices  meeting  all 
the  specifications.  First  we  must  learn  to 
accurately  shape  the  passband.  For  -tost 
applications,  however,  a  shape  which  onlv 
approximates  the  theoretical  passhand  is 
acceptable  so  the  problem  here  beco’-ps  one  g* 
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LOSS  no  dB/DIV)  '*  LOSS  (10  dB/DIV) 


Fiq.  6.  Frequency  response  of  a  Type  II 

Filter  fabricated  in  monolithic  form 
approximately  per  the  design  of  Fin.  3. 


i.9  217  0  217  i 

FREQUENCY  INIH/I 


I  !  1 

216  2170  218 

FREQUENCY  IMH/1 


consistently  attaininq  an  acceptable  approxi¬ 
mation.  Increasinq  the  rejection  level  is  very 
important  and  we  believe  that  variations  in 
loss  and  symmetry  within  the  various  filter 
sections  contribute  to  the  increase  in  sidelobe 
levels.  Imorovenent  in  the  fabrication  pro¬ 
cedures  may  be  of  benefit  here.  Another 
approach  nay  be  to  desinn  for  a  rejection  level 
of  sonethinn  like  25  dB  nreater  than  desired 
to  allow  for  the  deqradation  we  experience.  '  'e 
are  investigating  the  use  of  weinhted 
reflectors"  to  aid  in  reducinq  the  sideiobe 
levels,  Weighted  reflectors  have  been  of 
considerable  value  in  reducino  sidelobes  in 
sinole-pole  resonators,  but  this  type  reflector 
has  not  been  utilized  in  multipole  reflector- 
coupled  devices  thus  far.  Ve  expect  that  a 
combination  of  fabrication  and  desinn  chanaes 
will  allow  us  to  consistently  exceed  60  dB 
rejection.  The  leakaae  level  is  larqely  a 
function  of  the  arrangement  of  the  various 
components,  and  the  experimental  results  shown 
above  demonstrate  that  the  non-monol i thi c  scheme 
is  most  successful  in  this  regard.  The  non- 
nonolithic  scheme  also  allows  one  to  carefully 
select  the  sections  to  be  assembled  into  a 
filter.  Thus  only  those  sections  with  low  loss, 
aood  rejection,  and  exactly  the  required 
resonance  frequencies  rioht  be  assembled  to 
yield  the  very  best  possible  performance.  This 
is  not  possible  with  the  monolithic  approach 
since  all  sections  are  made  at  the  same  time  on 
the  substrate  and  we  must  accept  whatever  we 
oet  or  discard  the  entire  device. 

Summary  and  Conclusions 

'•'e  have  shown  that  we  can  accurately 
synthesize  multipole  SA"  resonator  filter 
desions  and,  throuoh  analysis,  obtain  all  the 
information  required  to  fabricate  synchronously 
tuned  filters.  Experimental  results  have  been 
presented  for  four-  and  six-pole  filters 
demonstration  the  effectiveness  of  our  pro¬ 
cedures.  Problems  remain  in  accurately  shaping 
the  passband  response,  reducino  the  leakaoe 
level,  and  improvino  the  out-of-band  rejection, 
"e  have  discussed  approaches  to  solvino  these 
problems  which  are  basically  due  to  second 
order  effects.  These  approaches  include  use 
of  the  non-monol i thic  scheme,  desinn  for  hinher 
rejection  levels  inclodina  the  use  of  weighted 
reflectors,  and  more  strinoent  fabrication 
procedures. 
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Fig.  7.  Frequency  response  of  a  Tyne  II  filter. 
The  fabrication  was  non-monol i thic  , 
that  is,  each  filter  section  was  in  a 
separate  header.  also  coupling 
inductors  (-5=200  nH)  were  used  to 
couple  cavities  2-3  and  4-5. 


P.e  ferences 

1.  A.  I.  Zvrev,  "Handbook  of  Filter  Synthesis. 
J.  '-'i  lev  and  Sons,  ' lew  York  (1967). 


403 


2.  G.  L.  Matthaei .  L.  Young,  and  £.  Jones, 
"Microwave  Filters,  Impedance  Matching 
Networks,  and  Couplinn  Structures,"  McGraw 
Hill,  New  York  (1964). 

3.  J.  Tanski ,  “Surface  acoustic  wave 
resonators  on  quartz,"  IEEE  Trans.  Sonics 
and  Ultrasonics,  Vol .  SU-26,  pp.  93-104, 

March  1979. 

4.  !•'.  J.  Tanski  ,  "UHF  SAW  resonators  and 
applications,"  Proc.  34th  Annual  Frequency 
Control  Symposium,  U.S.  Army  Electronics 
Command,  Ft.  Monmouth,  NJ,  pp.  278-285. 

Copies  available  from  Electronic  Ind.  Assoc., 
2001  Eye  St.,  “I.!-1.,  Washington,  DC  20006. 

5.  G.  L.  Matthaei ,  E.  B.  Savaqe,  and  F.  Barman, 
"Synthesis  of  acoustic-surf ace-wave- 
resonator  filters  usinn  any  of  various 
coupling  mechanisms,"  IEEE  Trans.  Sonics 
and  Ultrasonics,  Vol.  SU-25,  pp.  72-84, 

March  1978. 

6.  R.  L.  Rosenbern  and  L.  A.  Coldren,  "Scat¬ 
tering  analysis  and  desian  of  SAW  resonator 
filters,"  IEEE  Trans.  Sonics  and  Ultra¬ 
sonics,  Vol.  SU-26,  pp.  205-230,  May  1979. 

7.  M.  E.  Field,  R.  C.  Ho,  and  C.  L.  Chen, 
"Surface  acoustic  wave  orating  reflectors," 
Proc.  1975  Ultrasonics  Symposium,  pp.  430- 
433  (1975). 

8.  W.  J.  Tanski,  “Surface  acoustic  wave 
frequency  trimminq  of  resonant  and  travel¬ 
ling  wave  devices  on  quartz,"  Appl.  Phys. 
Letters,  Vol.  39,  pp.  40-42,  July  1981. 

9.  >'L  J.  Tanski,  "S.A.H.  device  reflectors 
weiahted  by  a  combination  of  withdrawn 
and  seamented  lines,"  Electronics  Letters, 
Vol.  16,  pp.  793-794,  1980. 


404 


®  P  0  0  1  5  5 , 


36th  Annutl  Frtqutncy  Control  Sympotlum  ■  1982 


; 

RECENT  ADVANCES  IN  UHF  CRYSTAL  FILTERS 
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Snmmirv 

Due  to  the  new  etching  technology,  the 
Argon  Ion  beam  technique,  CEPE  is  now  able  to 
provide  piezoelectric  devices  with  an  enlarged 
useful  bandwidth  by  the  use  of  resonators  opera¬ 
ting  either  in  the  fundamental  mode  or  in  a  low 
overtone  mode  (  i.e.  600  MHz  3rd  overtone  ). 

The  results  issued  from  several  applica¬ 
tions,  already  used  in  new-generation  Telecom¬ 
munication  systems,  exhibit  behaviour  similar  to 
that  observed  at  lower  frequencies  (  i.e.  30  MHz 
to  30  MHz  )  with  conventional  resonator  lapping 
technologies. 

Introduction 

During  long  period  traditional  lapping 
technologies  allowed  the  production  of  piezo¬ 
electric  resonators  oscillating  in  the  fundamen¬ 
tal  mode  up  to  30  MHz.  Improvements  on  the  grin¬ 
ding  machines  enabled  frequencies  up  .to  50  MHz. 

The  ion-etching  technology  introduced  by 
M.  BERTE  in  1977,  (31st  Symposium  on  Frequency 
Control)  has  pushed  back  the  fundamental  frequen¬ 
cy  limit  to  about  500  MHz  for  AT  cut  quartz. 

Little  has  been  published  in  this  domain  due  to 
intensive  laboratory  work  on  prototypes. 

At  the  occasion  of  the  35th  Symposium 
L.  BIDART  and  J.  CHAUVIN  presented  a  paper  devoted 
to  the  application  of  ion-etched  resonators  to 
osci 1  la tors . 

In  this  paper  we  present  new  products 
concerning  filters  composed  of  quartz  resonators 
as  well  as  using  novel  piezoelectric  materials 
such  as  Lithium  Tantalate. 

State  of  the  Art 

A  piezoelectric  resonator  is  commonly 
represented  under  its  simplified  scheme  (  Fig.1  ) 
where  l,  C,  R,  ar<>  motional  elements  i.e.  they 
transcribe  mecaniral  vibrations  of  the  crysta l 
into  the  electrical  domain. 


C  is  a  physical  capacitor  related  to  the 
inter-efectrode  dielectric.  The  resonator  has  2 
noteworthy  frequencies  ; 

A  „  ^ 

Y  - - -  F  ■  -  -  - - 

s  aTTv/Tc”  P  LTC\Ilc.  cf 

Y  c  rCt. 

(  the  transmission  and  impedance  response  curves 
are  represented  in  Fig.  2,  Fig.  3). 

One  usually  calls  the  useful  bandwidth  of  a 
resonator  :  AF,  the  difference  between  the  resonant 
and  anti-resonant  frequencies. 

An  approximation  leads  to  an  expression  fcr 
the  useful  relative  bandwidth  : 

AF  -  C _ 


In  fact  AF  has  the  order  of  magnitude  of  the 
maximum  bandwidth  able  to  be  produced  in  a  filter 
and  this  value  is  close  to  the  maximum  tuning  r arise 
of  a  VCXO. 

When  used  in  an  overtone  mode  the  maximum 
relative  bandwidth  is  divided  by  the  square  of  the 
overtone  rank.  One  easily  notices  that  wideband 
piezoelectric  devices  are  limited  by  the  maximum 
frequency  achievable  in  the  fundamental  mode. 

Ion-Etching 

The  ion-etching  technology  is  based  on  t re¬ 
use  of  a  50  gm  thick  blank. 

The  wafer  is  eroded  in  its  center  by  a:. 

Argon  ion  beam.  If  the  attack  angle  is  correct 
the  tub  bottom  preserves  a  flatness  parallelism 
and  a  surface  state  close  to  the  one  it  had  bet  i 
etching.  The  principle  is  explained  on  Fig.  A. 

Electrodes  are  deposited  on  th*  resonator. 

The  resonator  behaves  as  if  the  wafer  thickness 
were  that  of  the  central  part,  i.e.  riaiditv  ami 
solidity  are  of  the  order  of  magnitude  of  the  re¬ 
sonator  having  the  thickness  of  the  per  ipherv 
(  Fig.  5.). 
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QMor«-d  {'<  'ssiin  lit  b's  to  Filters  designed 
with  Kw^otchod  resonators 

I,<-t  us  rotor  to  the  wel  1  known  chart  repre¬ 
senting  the  useful  rolativ-  bandwidth  versus  the 
?  i  >  ■  n-’Ticv  but  limited  i<»  i  s  ozoo  1  «»ct  r  ic  devices 

(  r  i  q  .  •  >  . 

With  (.’Or;vt‘iit  ionai  t  .-.'Cfmo]  »>gv  as  concerns  li¬ 
thium  tantalate  we  have  a  limit  of  10%  relative 
bandwidth  at  50  MHz. 


In  addition,  the  charactenst ic  impedance 
level  inside  the  filter  is  about  10  ohms  per  KHz 
of  BW.  This  confers  a  relatively  low  sensitivity 
to  coil  variations  in  the  temperature  range. 

e.g.  2.  93  MHz  1  pole  Filter 

This  filter  is  used  for  the  recuperation  of 
the  rhythm  frequency  in  a  digital  telephone  repea¬ 
ter  (speed  140  Mbit).  The  coding  implies  the  center 
frequency  at  93.944  MHz. 


Or.  the  other  hand,  quartz  that  is  used  in 
f  jr.damentai  and  overturn*  modes  exhibits  a  definite 
number  u  steps  which  we  shall  explain  : 

1%  up  to  50  MHz  maximum  of  fundamental  mode 

up  to  1  50  MHz  maximum  of  3rd  overtone 

••  x  IG  up  to  200  MHz  maximum  of  5th  overtone 

Introduction  of  ion-etched  resonators  enables 
**xt  etss  i :  -n  or  the  chart,  up  r.>  : 

t00  MHz  for  Lithium  tanta late  (f undamenta l  onlv) 

4uG  MHz  tor  quartz  m  t undamenta 1 

Ah  v-  *'00  MHz  in  Ird  overtone  mode  operation. 


3  dB  PBW  >  +  20  KHz 
30  dB  ABW  +  1  MHz 

If  the  filter  had  been  designed  with  3rd 
overtone  resonators,  2  of  them  would  have  been 
necessary. 

Only  1  resonator  operating  in  the  fundamen¬ 
tal  mode  is  sufficient  to  meet  the  specification. 

Furthermore,  the  characteristic  impedance 
level  in  the  filter  is  low  and  as  a  consequence, 
the  influence  of  the  differential  transformer  is 
decreased.  The  spurious  resonances  are  rejected  to 
about  1  Mhz  off  the  central  frequency. 


it  is  cb-ar  that  above  200  MHz  the  other 
TUT.ts  of  rht-  t  Liter  have  to  be  special  lv  desi¬ 
gned  with  T-erhnn]  udies  similar  to  those  employed 
in  ’-HK  •  .1.  Strip  line... 

As  an  example,  we  shall  give  m  table  7 
sene  tiuures  of  motional  elements  character ising 
th  *  resonator  at  different  frequencies  in  the  fun¬ 
damental  mode. 

One  may  notice  that  these  figures  are  compati¬ 
ble*  with  those  produced  at  lower  frequencies. 

We  propose  to  analyse  some  filters  produced 
either  with  quartz  resonators  or  with  lithium  tanta- 
late  resonators  operating  in  bulkwave. 

Quartz  Filters 


In  addition,  in  order  to  preserve  the  phase 
coherence  of  all  the  repeaters,  all  the  filter 
phases  at  the  central  frequency  must  be  trimmed 
with  a  precision  of  10®  and  a  maximum  drift  of  +5° 
is  tolerated  in  the  temperature  range  +  10,  +50 
< Fig .  11,  Fig.  12). 

e.g.  3.  102.5  MHz  4  pole  Filter 

A  picture  of  this  filter  is  reprented  Fig. 12b. 

This  filter  is  designed  to  be  placed  in  the 
1st  I.F.  of  a  receiver. 

F^  central  frequency  102.5  MHz 

3  dB  PBW  >+  60  KHz 

50  dB  ABW  ^  +  120  KHz 


. •  J .  1.  owitchable  I.F.  70  MHz  Filter 

TV  sn*“’ifi  ration  implies  the  design  of  2 
•  :w:*  '  h  d  •  1  *  •  I  l  1  t.crs  operable  for  10  or  50  KHz  chan- 
:  i  -i-.  j  t ransmissinn. 

tu  KHz  chjru.el  spUoinj  :  F  -  70  MHz 

l  IB  FBW  +_  12  KHz 
55  dB  ABW  .+  10  KHz 

<0  KHz  rl oi i . • !  stU'Uii.j  :  F  /t)  MHz 

♦  *  rJB  PBW  +_  24  KHz 
5  5  dB  ABW''  +  50  KHz 


This  4th  order  filter  has  been  synthesized 
using  effective  parameter  theory.  It  is  a  Tchebv- 
chev  polynomial  filter  with  a  0. 1  dB  ripple. 


One  may  notice  that  the  actual  response  curve 
is  very  close  to  the  theoretical  one  and  that  the 
insertion  loss  is  very  low  :  2.5  dB  (  Fig.  11, 

F lq .  14  )  . 


e.g.  4 .  169  MHz  2  pole  Filter 

in  is  filter  is  proposed  to  recuperate  the 
rhythm  frequency  in  fibre  optic  transmission. 
Typical  values  are  given  below  : 


.  tilt.-rs  at1  lticdpsulatori  in  the  same 
i  •  .  r  i  .  1  -is**  curves  ur*’  uv^n  m  Fig.  9, 

: .  1 "  )  . 

•  *  :  l  ut  *r  ■  ;•  *  i  *.  :  f  t  h*'  1  •  -w  insertion 

■  f  r  r  ;  niii  i* .  1 t  •  id* *  f  4  and  5  dB  and 


F  central  frequency  169  MHz 

o 

1  dB  PBW  _+  50  KHZ 

50  dB  ABW  >  1  MHZ 

out  of  band  rejection  :  40  dB  over  ^  150  MHz 
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This  filter  has  been  designed  in  the  funda¬ 
mental  mode  so  that  a  third  overtone  resonance 
occurs  out  of  the  attenuation  andwidth.  (  Response 
curves  are  shown  in  Fig.  15,  Fig.  16  ). 

e . g .  5 .  243  Filter 

This  filter  is  proposed  for  direct  detection 
of  the  distress  channel  in  air  band  transmissions. 

F  Central  frequency  243  MHz 

3  dB  PBW>  +  25  KHz 

50  dB  ABW  v  ♦  150  KHz 

This  filter  is  produced  with  4  resonators 
oscillating  in  the  3rd  overtone.  Each  resonator  has 
a  quality  factor  superior  to  20.00G. 

The  order  of  magnitude  of  the  motional  induc¬ 
tance  is  6  mH  which  confers  to  the  filter  characte¬ 
ristic  impedance  1.5  Kohm.  One  can  see  on  the  respon¬ 
se  curves,  (  Fig.  17,  Fig.  18  )that  the  insertion 
loss  is  4.2  dB  and  that  the  filter  presents  an  out 
of  band  rejection  of  about  55  dB  which  is  quite 
correct  for  a  4  poles  transfer  function. 

It  is  interest  mg  to  notice  that  coils  have 
beer,  advantageous  1  v  replaced  by  striplines  deposi¬ 
ted  on  the  printed  circuit  board. 

e.g.  6.  3rd  overt  one  670  MHz  Filter 

This  filter  is  proposed  for  th-*  frequency 
recuperation  m  t.'-lephone  repeaters  for  high  speed 
data  transmission. 

The  filter  character ist ics  are  as  follows  : 

F  Central  frequency  670  MHz 

1  dB  PBW  +  100  KHz 

30  dB  ABW  ±  2.5  MHz 

Only  one  pole  is  sufficient  t  ;>  achieve  the 
specification  ;  nevertheless,  a  phase  stability  is 
demanded  and  the  user  tolerates  a  drift  of  ♦_  !Oc 
in  the  temperature  range  ♦  10°C,  +  50°C. 

One  must  realize  that  at  such  frequencies  the 
greatest  difficulty  lies  not  in  the  design  ot  the 
r* -senator  itself,  but  in  th--  definition  and  design 
th.-  other  components. 

A  high  sens  it  ivitv  to  t  h-  rroximitv  -  f  eonduc- 
f  iv"  mat.* rial  pr-vi-i-*s  a  delicate  adjustment  and  of 
■"nrK"  all  the  coils  are  male  u,  strip  lino  techtio- 
:  -:v.  <  Fi< i.  1  •.  Fig.  20  ). 


I.-  t  us  now  draw  -.-iir  attention  to  lithium 
t  i;;i  il.it*’  f  i  It  •  rn. 


The  ion-etching  technique  can  De  applied  to 
any  piezoelectric  material  and  some  results  obtained 
from  filters  employing  lithium  tantalate  resonators 
will  be  proposed. 

e.g.  1.  60  MHz  6  pole  Bessel  Filter 

This  filter  is  designed  for  I.F.F.  (  Identi¬ 
fication  friend  or  foe  Ireceiver. 

The  specif ications  are  as  follows  : 

Fq  Central  frequency  60  MHz 

3  dB  PBW  >  +  500  KHz 

7  2  dB  ABW  <  +  4  MHz 

The  response  curve  is  remarkably  close  to  the 
Bessel  function  filter  synthesized  with  the  effec¬ 
tive  parameter  theory.  The  group  delay  is  constant 
within  5%  over  80%  of  the  3  dB  pass-bandwidth. 

(  Both  curves  in-band  and  out-of-band  attenuation 
are  represented  by  Fig.  21,  Fig.  22  ). 

e.g.  2.  240  MHz  4  pole  Lithium  tantalate  Filter 

This  filter  is  to  be  employed  as  a  1st  I.F. 

Character istics  ire  as  follows  : 

F  Central  frequency  240  MHz 

3  dB  PBW  ±  1.5  MHz 

40  dB  ABW  5  MHz 

Insertion  loss  6  dB. 

I  Response  curves  of  this  filter  are  shown 
in  Fig.  23,  Fig.  24  ) . 

It.  seems  that,  a  limitation  in  the  fundamental 
frequency  of  a  lithium  tantalate1  bulk  wave  resona¬ 
tor  occurs  just  below  300  MHz. 

In  tact,  we  encounter  some  difficulties  in 
the  deposition  <.f  the  electrodes  whose  diameters 
are  about  some  ten’s  of  micrometers. 


Cone  1 usion 

The  :  r-gur-nev  limit  of  fundamental  AT  cut 
quartz  rest  nators  is  tovlav  approximately  500  MHz. 

If,  as  concerns  oscillators,  we  ar*  able  t> 
use  ov'rt.-ne  m  xl-'  reSenators  u:  to  2  0Hz  as  ;ar  an 
filters  are  concerned  a  limit  .-ccurs  at  ■:0c  MHz. 

This  limit  is  net  due  to  the  resonator  itself 
but  t.<>  t  tie  other  c<nnp-  'z.ent  s  of  the  filter  especiall 
the  coils. 

The  fitters  that  have  been  produced  are  use.1 
in  svstems  operating  under  severe  environmental 
condit 1  .ms . 
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Resonators  manufactured  according  to  this 
technology  have  a  certain  number  of  advantages, 
the  main  ones  being  : 

-low  sensitivity  to  vibrations 

-low  sensitivity  to  shock 

-the  temperature  characteristic  is  that  of 
the  original  wafer 

-low  intrinsic  characterist ic  impedance  level 

-possibility  of  using  low  overtone  modes. 

This  technology  had  nevertheless  a  great 
disadvantage  :  manufacturing  cost. 

But  improvements  in  the  industrial  method 
enable  us  to  achieve  lower  costs. 

With  this  technology  we  can  offer  the 
telecommunication  engineer  a  solution  to  his  fil¬ 
tering  problems  in  U.H.F. 

CEPE  is  now  engaged  in  industrial  production 
L-f  filters  using  fundamental  high  frequency  bulk- 
wave  resonat ors . 
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MAGNETOSTATIC  WAVE  MULTI-CHANNEL  FILTERS 


J.  D.  Adam 


Westinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 


Summary 

The  construction  and  operation  of  a  10-channel 
filter  bank,  operating  at  X-band  and  relying  on 
magnetostatic  wave  (MSW)  propagation  in  epitaxial 
yttrium  iron  garnet  (YIG)  films  is  described.  Two 
filter  techniques  were  investigated.  First, 
reflective  arrays  were  examined  for  their  use  in 
this  application,  but  it  was  concluded  that  this 
technique  was  insufficiently  developed  at  this 
time.  The  second  technique  used  ten  stagger-tuned 
narrow  band  magnetostatic  forward  volume  wave 
(MFVW)  delay  lines  fed  from  a  common  input 
transducer  with  separate  outputs.  This  approach 
yielded  characteristics  which  approximated  the 
device  objectives. 

^  Introduction 

The  aim  of  the  work  described  here  was  to 
design,  fabricate,  and  test  a  10-channel  multi¬ 
plexed  filter  bank  using  magnetostatic  waves 
(MSW)  propagating  in  epitaxial  yttrium  iron  garnet 
(YIG)  films.-  The  performance  goalsfc  for  the 
filter  bank  are  given  in  Table  I. 

Table  I 

Performance  Goals  for  10-Channel  Filter  Bank 


Center  Frequency 

9.0  GHz 

Number  of  Channels 

10 

Channel  3  dB  Bandwidth 

30  MHz 

Out-of-Band  Rejection 

55  dB 

50  dB  Bandwidth 

100  MHz 

Multiplexed  Insertion  Loss 

20  dB  +  1 
per  channel 

Bandpass  Ripple 

1  dB 

Compact  surface  acoustic  wave 
have  been  developed  for  use  at  UHF, 

(SAW)  devices 
but  filter 

banks  operating  at  microwave  frequencies  have  been 
restricted  to  waveguide,  stripline  or  dielectric 
resonator  techniques  which  become  bulky  if  multi¬ 
pole  circuits  are  necessary.  Because  the  fields  of 
propagating  MSW  are  accessible  at  the  surface  of 
the  YTG  film,  it  was  tempting  to  investigate 
approaches  based  on  analog1  to  SA’.*  filters  using 
reflective  arrays.^  Experiments  on  single 
channels  showed  the  potential  of  the  SAW  approach 


but  emphasized  a  lack  of  understanding  of  the 
interactions  involved.  An  alternate  approach  based 
on  narrow  (1  mm)  strips  of  YIG  was  also 
investigated,  and  it  was  found  that  suitable 
filter  characteristics  approximating  those  in 
Table  I  could  be  obtained. 

Reflective  Array  Filters 

The  initial  concept  was  to  propagate 
magnetostatic  forward  volume  waves  (MFVW)  through 
a  series  of  reflective  arrays.  The  elements  in 
the  reflective  arrays  were  to  be  at  45°  to  the 
direction  of  propagation  and  have  a  different 
periodicity  so  that  each  array  w^uld  select  a 
narrow  band  of  frequencies  from  the  propagating 
wave.  Arrays  of  metal  strips  were  chosen  since 
the  alternative  etched  grooves  which  had  already 
been  demonstrated  with  surface  waves'4  caused 
coupling  of  the  MFVW  to  other  modes  in  the  YIG 
f i lm. ^ 

Experiments  were  performed  to  investigate  the 
reflectivity  of  metal  arrays  for  MFVW  at  a  45° 
angle  of  incidence  using  the  arrangement  shown  in 
Figure  1.  The  transducers  and  reflecting  array 
were  defined  in  gold  on  0.25  ram  thick  alumina. 

Thin  aluminum  was  deposited  in  other  areas  to 
absorb  unwanted  MFVW  and  prevent  reflections. 
Typically,  the  array  consisted  of  49  strips,  each 
50  um  wide  witli  a  center-to-center  spacing  of 
152  um.  A  25  mm  diameter  YTG  film  could  be  laid 
down  on  the  structure  shown  in  Figure  1. 

Figure  2  shows  the  variation,  with  frequency, 
of  transmission  loss  to  output  ports  3  and  2  for 
an  input  at  port  1.  The  YIG  film  used  was  35.7 
thick  and  a  bias  field  of  2.5  kOe  was  applied 
normal  to  the  film  surface.  These  results  were 
obtained  between  2  GHz  and  4  GHz  where  e.m.  feed¬ 
through  levels  in  the  structure  were  low.  MFVW 
reflection  occurs  when  the  Br  igg  condition  is 
satisfied  and  the  stop  bands  in  the  direct 
transmission  between  ports  1  and  3  can  be  seen  in 
Figure  2.  These  correspond  to  pass  bands  in  the 
reflected  signal  between  ports  1  and  2.  Comparing 
transmission  between  ports  1  to  3  and  1  to  2,  it 
is  seen  that  the  reflection  is  an  efficient  process 
However,  there  is  significant  undesired  low  k 
transmission  between  ports  1  and  2,  but  this 
could  be  reduced  by  use  of  IDT’s  at  the  input  and 
outputs. 
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As  a  result  *'t  the  experience  gained  in  the 
course  of  these  expcr  ibciu  >  ,  it  became  clear  that 
the  reflective  array  appro  »<  h  '»•  the  Lb-channel 
tiller  would  only  be  feasible  alter  .  complete 
model  for  the  interaction  of  MFVW's  w.-th  curients 
in  metal  strips  was  available,  i.e.,  an  extensie.; 
of  transducer  theory. ^  This  approach  was,  thus, 
terminated  in  favor  of  an  alternative  simpler 
approach  which  is  described  in  the  next  section. 

This  is  not  intended  to  imply  that  the  reflective 
irrav  approach  cannot  be  successful  if  sufficient 
time  and  effort  can  be  devoted  to  the  problems. 

Mu  1  tipi exed  Delay  I. ine s 

Kfrlcient  transduction  of  magnet ostat ic  waves 
requires  that  the  delav  line  be  located  at  an  r.f. 

urrent  maximur.  in  the  microstrip  transducer. 

Thus,  several  delav  lines  could  he  placed  on 
current  maxima  'em  '2  apart,  along  a  long  microstrip 
line  whose  end  is  either  open  or  short  circuit, 
it  tie  center  frequency  of  each  delay  line  i.*> 
different,  e.g.,  by  having  different  values  of 
bias  field,  then  the  delav  linos  would  have 
little  eft  c<  t  or;  each  tlier.  figure  3  shows  a 
photograph  of  a  multi-channel  filter  using  open 
circuited  transducers.  Alternatively,  if  the  long 
mi crost r  ip  was  terminated  in  a  50  load,  then  the 
delav  lines  could  be  placed  tt  arbitrary  positions 
along  the  microstrip,  but  this  results  in  a 
slight.lv  reduced  transduction  efficiency.  flu*  band¬ 
width.  of  a  MV'W  delay  line  is  a  function  of  the 
spacing  of  the  V 10  film  from  the  single  microstrip 
transducer  and  the  width  of  the  transducer. 

These  parameters  were  used  to  control  the  pass 
band  si.  ipe  of  the  10-channel  filter  described  here 
vhi.b.  was  constructed  using  ter.  narrow  band  delay 
lines,  with  separate  output  transducers,  fed  from 
a  common  input  transducer  as  shown  in  Figure  3. 

Ihe  different  center  frequency  of  each  delay  line 
was  achieved  by  a  linear  field  gradient  along  the 
length  of  the  device. 

.Single  Channel _ _F liter 

Calculation  and  measurements*1  showed  that  vide 
microstrip  transducers  produce  narrow  band 
iharjL ter  1st i os .  Here  alumina  microstrip  substrates 
0.6  3.»  mm  thiik  were  used  so  that  microstrip  lines 
of  0.633  mm  result  in  a  characteristic  impedance 
of  50  which  was  convenient  to  use  where 
multiple  transducers  are  effectively  cascaded. 

The  ’Harmonic  wave  number  or  sidelobe  responses  of 
the  microstrip  transducer  were  suppressed  by 
spacing  the  transducer  away  from  the  YIG  film. 

Since  the  width  of  the  transducer  was  fixed  at 
0.6J5  mm,  the  YIG  film  thickness  was  selected  to 
give  the  required  filter  bandwidth  and  a  thickness 
of  approximately  20  ..m  was  found  to  be  appropriate. 

Transmission  loss  measurements  wore  performed 
t'ing  YIO  films  approximate!  y  20  -;ri  thick  and  2  or 
3  mr.  wide  nn  transdiners  3  mm  long,  0.635  mm  wide 
an:  sn  t.ii,d  apart  be  1  cm.  The  ends  of  the  films 
wr*  ■•♦veiled  it  an  1°  angle  t<>  prevent 
r*  f!e.  M<»ns.  Those  experiments  snowed  that  an 
r,>i  r  x  imat  i  n  to  the  required  filter  response 
■  ’*•  obtained  but  that  severe  amplitude  ripple, 

due  t-  the  hi, -her  rder  width  modes  was 


super  imposed .  Width  modes ^  are  characterized  by 
a  sinusoidal  variation  (sin  nn/W)  in  r.f.  magnetic 
field  across  the  width  (W)  of  the  YIG  strip.  The 
lowest  order  mode  corresponds  to  n=l,  while  higher 
order  modes  have  n=2,  3,  4,  etc.  The  width  modes 
become  degenerate  at  high  wave  numbers,  but  the 
frequency  where  the  wave  number  k=0  is  different 
for  each  mode.  k=0  for  the  lowest  order  mode  (n-l) 
occurs  at  the  lowest  frequency  and  the  frequency 
spacing  between  it,  and  k=0  for  the  higher  order 
modes  is  inversely  proportional  to  the  YIG  strip 
width.  Thus,  narrow  strips  give  a  wide  frequency 
separation  of  modes  at  k=0. 

Measurements  with  1  mm  wide  samples  shoved 
that  good  coupling  was  obtained  at  low  wave 
numbers.  Additional  measurements  on  1  mm  wide 
samples  showed  that  a  film  to  transducer  spacing 
of  160  urn  was  close  to  optimum  and  at  this  spacing 
transmissions  due  to  the  n=3,  5,  etc.,  width 
modes  were  outside  the  response  of  the  n-l  mode. 
Present  transducer  theory  is  inadequate  for  width 
modes  so  that  the  design  of  these  filters  was 
determined  experimentally.  Transmission  loss 
measurements  for  a  YIG  film  18.5  urn  thick  and  1  mm 
wide  using  input  and  output  transducers  each  5  mm 
long  and  0.635  ran  wide  are  shown  in  Figure  4.  The 
YIG  was  spaced  from  the  transducers  by  a  glass 
slide  160  uni  t hick.  Apart  from  the  responses  due 
to  the  n=3  and  5  modes,  the  out-of-band  rejection 
is  good. 

Techniques  to  suppress  or  attenuate  higher 
order  width  modes  Wore  investigated  and  included 
tapering  the  edges  of  the  film  which  was  effective 
in  wider  samples  but  difficult  to  implement  in 
i  mr.  vide  films.  The  suppression  method  which  was 
used  in  the  completed  device  relied  on  an  array  of 
resistive  aluminum  strips  deposited  on  the  YIG  film 
between  the  input  and  output  transducer.  The 
MFW  attenuation  produced  by  a  resistive  film  in 
contact  with  the  YIG  has  been  shown  to  increase 
with  wave  number  of  the  MFVW.  The  aluminum  strips 
have  an  infinite  resistivity  in  the  direction  of 
propagation  and,  hence,  do  not  introduce 
attenuation  through  the  component  of  wave  number 
parallel  to  the  axis  of  the  YIG  strip,  i.e., 
normal  to  the  axis  of  the  aluminum  strips. 

However,  the  aluminum  strips  have  a  finite 
resistivity  transverse  to  its  direction  of 
propagation.  Thus,  since  width  modes  have  a 
transverse  wave  number  kt  =  rrr/W,  they  will 
experience  an  attenuation  which  increases  with  mode 
number  n. 

The  dependence  of  minimum  transmission  loss 
for  the  n  =  l,  3  and  5  modes  on  the  thickness  of 
the  aluminum  strips  is  shown  in  Figure  5ta)  for  an 
18.5  pm  thick  YIG  film  with  a  160  urn  spacer.  The 
grating  had  18  strips  each  0.14  mm  wide  and 
separated  by  0.13  mm.  Viewed  as  a  reflecting  array, 
the  strips  would  have  a  stop  band  at  k  =  150  cm”* 
which  is  well  outside  the  desired  pass  band. 

Similar  measurements  for  a  continuous  aluminum  film 
of  2.5  mm  length  deposited  on  the  YIG  film  are 
shown  in  Figure  5(h).  Comparing  Figures  5(a)  and 
5(b),  the  strips  do  indeed  provide  better 
dlsrr inin.it  ion  in  attenuation  between  the  n=l  and 
the  higher  order  width  modes.  An  aluminum  thickness 


420 


of  200-3001  results  In  adequate  suppression  of 
>50  dB  for  the  n*3  mode  compared  to  the  n»l  mode 
at  the  expense  of  an  additional  4  dB  attenuation 
on  the  n»l  mode.  The  transmission  lo98  and  return 
loss  of  a  delgy  line  with  18  aluminum  strips  of 
thickness  364a  is  shown  in  Figure  6.  Other 
parameters  are  the  same  as  in  Figure  4.  Note  that 
the  n-3  mode  is  Just  visible  and  is  ^50  dB  below 
the  n-1  transmission  peak. 

Most  MSW  devices^  described  previously  have 
used  some  technique  to  absorb  MSFW  incident  on  the 
ends  of  the  YIG  sample  and*  thus,  prevent  ripple 
due  to  reflections.  A  method  for  reducing  the 
deLay  line  insertion  loss  which  was  investigated 
involved  the  use  of  square,  highly  reflecting  ends 
on  the  YIG  film  as  ^een  in  Figure  3.  In  this  case, 
the  amplitude  of  the  MFVW  travelling  towards  the 
output  transducer  has  the  form  A  cos  kt,  where 
k  is  the  wave  number  along  the  axis  of  the  YIG 
strip  and  l  is  the  distance  between  the  reflecting 
end  of  the  YIG  strip  and  the  center  of  the 
transducer. 

Measurements  of  transmission  loss  were 
performed  using  a  YIG  film  18.5  urn  thick,  1  mm 
wide,  and  1.19  cm  long  with  square  ends. 

Evaporated  aluminum  strips  were  used  to  attenuate 
the  higher  order  width  modes,  and  a  160  urn  glass 
slide  spaced  the  YIG  from  the  transducers.  The 
position  of  the  transducers  and  the  ends  of  the 
YIG  could  be  set.  Figure  8  shows  the  transmission 
loss  measured  as  a  function  of  frequency  for  the 
optimum  condit  ion  when  <  was  0.31  mm.  In  addition 
to  a  reduced  insertion  loss  of  13  dB,  the  pass  band 
shape  is  more  symmetrical  than  in  Figure  b.  The 
notch  on  the  low  frequency  side  of  the  pass  band 
may  be  due  to  the  first  zero  of  cos  ki  when 
kit  »  */2.  These  techniques  were  used  in  the  delav 
lines  for  the  10-channel  filter  bank  in  order  to 
achieve  reduced  insertion  loss  and  an  improved 
pass  band  shape.  Return  loss  measurements  are  also 
shown  in  Figure  8.  The  maximum  return  loss  for  the 
n=l  modes  is  7.5  dB  and  return  loss  peaks  due  to 
n=3,  5,  and  7  modes  .  re  clearly  seen. 

Bias  Magnet 

Tlie  magnet  for  the  10-channel  filter  was 
designed  to  produce  a  different  bias  field  for  each 
channel.  A  step  type  change  between  each  channel 
would  be  ideal  but  as  an  approximation  to  this,  a 
linear  variation  was  used.  In  the  assembled  device, 
the  center-to-center  spacing  between  the  delay 
Lines  for  channeLs  L0  and  1  was  1.95  in.  and  with 
a  50  MHz  frequency  spacing  between  channels,  the 
linear  bias  field  variation  required  was  161  Oe. 
Figure  8  is  a  drawing  of  the  bias  magnet.  Soft  iron 
pole  caps  were  used  on  the  SmCo  pole  pieces,  both 
2.25  in.  x  1  in.  x  0.25  in.,  and  magnetized 
parallel  to  the  0.25  in.  direction. 

A  typical  variation  in  magnetic  field  along 
the  center  of  the  magnet  gap  (x  direction)  is  shown 
in  Figure  9  for  a  9.5  rail  taper  in  gap  along  the 
length  of  the  pole  pieces.  Additional  soft  iron 
pieces  2  mil  thick  were  attached  to  the  ends  of  one 


of  the  polt  caps,  to  produce  the  peeks  et  both  ends 
of  the  gap.  In  the  absence  of  these  thin  pieces, 
the  magnetic  field  rolled  off  too  rapidly  at  the 
ends  of  the  gap.  The  field  measured  along  the  y 
direction  was  symmetrical  about  the  center  of  the 
gap  and  varied  by  less  than  2  Oe  over  the  0.25  in. 
length  of  the  delay  lines  on  either  side  of  the 
center . 

Const  ruction  and  Tes  t 

The  assembled  1 0-channe 1  filter  minus  magnet 
and  Lid  is  shown  in  Figure  3.  The  center  section 
of  the  brass  box,  raainlv  comprising  the  L-shaped 
walls  between  adjacent  delay  lines,  was  2 . 54  mm 
thick  with  a  0.25  mm  thick  brass  base  and  lid. 

The  center-to-center  spacing  between  adjacent 
delay  lines  was  5.5  ram.  The  transducers  were 
definea  in  gold,  -6  „ro  thick,  on  0.635  mm  thick 
alumina.  Glass  160  Mm  thick  separated  the  YIG  from 
the  transducers.  The  YIG  delay  lines  were  each 
1  non  wide  and  length  approximately  6.7  mm  cut  from 
a  23  Kin  thick  film.  The  delav  lines  were 
accurately  positioned  relative  to  the  transducer 
by  glass  blocks  which  can  be  seen  in  Figure  3. 

The  completed  filter  bank  is  shown  in  Figure 
10.  Measurements  of  transmission  loss  for  each  of 
the  channels  and  r*  turn  loss  from  the  input  as  .1 
function  of  frequency  arc  shown  in  Figure  11.  The 
pass  band  shapes  are  «.  lose  to  Figure  7.  The  lowest 
minimum  insertion  loss  was  12  dB  for  channel  3, 
and  the  highest  was  16  dB  for  channel  6.  (Vine  to 
the  -1  dB  peak-to-peak  ripple  on  the  pass  band,  the 
3  dB  bandwidth  is  difficult  to  estimate  precise lv 
but  is  in  the  range  30  MHz,  for  channel  8  to  45 
MHz  for  channel  4.  The  variable  frequency 
spacings  of  the  channels  are  due  to  the  nonconstant 
field  gradient  in  tne  bias  magnet.  The  principal 
out-of-band  spurious  is  due  to  the  m=3  width  mode, 
which  was  not  sufficiently  attenuated  because  of 
the  reduction  in  the  number  of  strips  from  18  to  L5 
with  no  compensating  change  in  aluminum  thickness. 
Such  a  reduction  was  necessary  because  in  this  case 
there  was  a  shorter  delav  line  path  length  (5.5  mm) 
compared  to  the  longer  (1  cm)  path  length  used  in 
the  test  samples.  The  performance  goals  for  the 
10-channel  filter  and  the  measured  parameters  of 
the  delivered  device  are  shown  in  Table  11. 

The  main  sourre  of  discrepancy  between  the 
goals  and  the  achieved  results  are  due  to 

a)  incorrect  spacing  between  the  delay  lines  in  the 
box  resulting  in  the  higher  center  frequency, 

b)  improper  attenuation  of  the  n=*3  mode  probably 
caused  by  aluminum  depositions  which  were  too  thin 
resulting  in  low  out-of-band  rejection,  and 

c)  variation  in  the  spacing  of  the  ends  of  the  YIG 
from  the  transducers  resulting  in  changes  in  the 
pass  band  shape,  i.e.,  3  dB  and  50  dB  bandwidths. 

In  addition,  although  not  shown  in  Table  II,  the 
nonuniform  gradient  on  the  bias  field  resulted  in 
the  nonuniform  frequency  spacings  between  the 
channels.  In  spite  of  these  discrepancies,  which 
are  all  potentially  correctable,  a  general  technique 
for  obtaining  multichannel  filter  operation  has 
been  demonstrated.  In  addition,  it  has  been  shown 
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th.n  a  degree  of  control  over  the  filter  pass 
band  shape  can  be  obtained  with  simple  single 
element  microstrip  transducers.  Further  control  1. 

mav  be  possible  with  relatively  simple  multi¬ 
element  transducers.  For  example,  an  IDT  or 
parallel  bar  transducer  could  be  used  as  the  2. 

output . 

Table  II 

Comparison  of  Performance  Goals  with  Measured  3. 

_  Results  on  Del ivered  10-Channel  Filter 


4. 


Property 

Goal 

Achieved 

Center  Frequency 

9.0  GHz 

9.45  GHz 

5 

Number  of  Channels 

10 

10 

Channel  3  dB  Bandwidth 

50  MHz 

30-45  MHz 

Out-of-Band  Rejection 

55  dB 

30  dB,  53  dB  if 
m=3  mode 
suppressed 

6 

30  JB  Bandwidth 

100  MHz 

120  MHz-150  MHz 

7 

Multiplexed  Insertion 

Loss 

20+1  dB 

12  dB  -  16  dB 

Band  Pass  Ripple 

1  dB 

%  1  dB 
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Figure  1.  Experimental  Arrangement  for  Measurement  of  Transmission 
and  Reflection  of  MSFW  Incident  on  an  Array  of  Metal  Strips 
at  45°  The  Transducers  are  5  mm  long,  50  pm  wide.  Opposite 
Transducers  are  12.5  mm  Apart.  The  Reflective  Array  is  Com¬ 
prised  of  49  Strips  Each  50  pm  Wide  and  Separated  by  152pm 
Center  to  Center. 
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Figu  •>  2  Measured  MSFW  Insertion  Loss  Between  Ports  1  and  3  (Trans¬ 
mission)  and  Posts  1  and  2  (Reflection).  The  YIG  Film  was 
35.  /pm  Thick  and  the  Bias  Field  of  ?.5  kOe  was  Applied 
Normal  to  the  Film  Plane.  The  Transducers  and  Reflective 
Array  are  Shown  m  Figure  1. 


Figure  3.  Assembled  10  Channel  Filter  Without  Lid  of  Magnet 
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Measured  Transmission  Loss  as  a  Function  of  Frequency  for 
an  18.6  pm  Thick  YIG  Film,  1  mm  wide.  The  Transducers 
were  5  mm  Long,  0.635  mm  Wide  on  0.635  mm  Thick 
Alumina.  The  YIG  Film  was  Spaced  from  the  Transducers  by 
160jjm  and  the  Bias  Field  was  4880  Oe. 


| 

5 


E 

o 

e 

£ 

SE 


0  MO  200  300  400  ^ 

A  £  Thickness  (A) 


Figure  5.  Attenuation  of  Higher  Order  Width  Modes  as  a  Function  of 
Aluminum  Thickness.  Measured  on  an  18.5 ym  Thick  YIG 
Film  Spaced  from  0.635  mm  wide  transducers  by  160  ym. 
la)  18  Strips,  (b)  Continuous  Film  of  Length  Equivalet  to  the 
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Figure  6.  Measured  Transmission  Loss  as  a  function  of  Frequency  for 
an  18.5  pm  Thick  YIG  Film  with  the  Same  Parameters  as  in 
Figure  4  but  with  18  Aluminum  Strips  364&  Thick  Evapor¬ 
ated  onto  the  Surface. 


Figure  7  Measured  Transmission  Loss  and  Return  Loss  as  a  Function  of 
Frequency  for  an  18.5  pm  thick  YIG  Film  with  Reflecting 
ends.  The  Spacing  ( l )  From  the  Ends  of  the  Film  to  the 
Edge  of  the  Transducer  was  0  31  mm.  All  Other  Parameters 
were  as  in  Figure  6. 


Figure  11.  Measured  Transmission  Loss  and  Return  Loss  from  Input  for 
10-Channel  Filter 
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Whereas  convolvers  perform  the  convolution 
product  of  any  two  signals  with  limited  duration 
and  bandwidth,  correlators  are  transversal  filters 
with  an  impulse  response  which  can  be  stored  and 
mod  if ied  at  will. 

The  piezoelectric  convolver  is  today  the  most 
advanced  technology  ;  signals  with  10  to  20  ;  s  du¬ 
ration  and  bandwidth  up  to  100  MHz  can  be  processed 
over  a  dynamic  range  of  more  than  60  dB. 

Such  performances  can  be  reached  by  no  other 
means  and  they  are  well  suited  for  a  number  of  mo¬ 
dern  signal  processing  systems  of  which  we  wish  to 
describe  two  : 

-  the  detection  and  demodulation  of  spread  spectrum 
signals 

-  the  correlation  of  synthetic  aperture  radar 

s i gna 1 s . 

^  introduction 

A  number  of  Surface  Acoustic  Wave  (SAW)  devi¬ 
ces  are  directly  applicable  to  signal  processing  : 
are  to  be  found  among  them  the  fixed  finite  impulse 
response  filters,  the  spectrum  (or  Fourier)  analy¬ 
zers  and  the  convol vers/ correlators.  These  last  de¬ 
vices  can  also  be  viewed  as  programmable  filters 
and  tiie  presentation  will  only  deal  with  this  fami¬ 
ly  of  devices. 

We  shall  first  briefly  describe  the  major  tech¬ 
nologies  available  to  build  these  devices,  discuss 
their  present  status  of  development  and  compare  their 
performances.  This  review  will  show  that  the  piezo¬ 
electric  convolver  technology  has  reached  the  highest 
level  .  And  two  typical  examples  of  application  of 
this  device  will  next  he  presented  :  they  related 
to  spread  spectrum  systems  and  radar  mapping. 

In  the  former  the  analog  processing  capabilities  of 
the  convolver  are  directly  employed  ;  and  in  the 
latter  example  coupling  to  digital  circuits  is  per¬ 
formed  to  extend  the  field  of  applications  of  the 
device  and  make  hybrid  processors. 

SAW  Convolvers  and  Correlators 

One  makes  a  distinction  between  convolvers 
which  perform  the  convolution  product  of  any  two 
signals  with  limited  duration  and  bandwidth  and 
which  may  be  built  on  a  simple  piezoelectric 

*  Some  of  the  work  described  here  was  done  under 
DR  FT  contra-.  Is. 


substrate,  and  correlators  which  are  transversal 
filters  with  an  impulse  response  which  can  be  stored 
and  modified  :  serial  or  parallel  injection  can  be 
obtained  by  various  means  but  in  all  cases  acoustic 
(piezoelectric)  and  electron  (semiconductor)  pheno¬ 
mena  must  be  coupled. 

F.lastic  and  acoustoelectric  convolvers 

Any  acoustic  convolver  is  made  of  an  acoustic 
substrate,  a  nonlinear  medium  sensitive  to  at  least 
one  of  the  physical  characteristics  of  the  waves  and 
a  summing  device.  The  simplest  solution  consists  iji 
using  a  single  piezoelectric  substrate  as  the  propa¬ 
gation  and  the  nonlinear  medium,  and  depositing  on 
it  the  electrodes  capable  of  generating  the  waves, 
picking  up  and  summing  the  convolution  product. 

This  is  in  fact  the  oldest  solution  ;  bulk 
waves'  and  surface  waves*0 have  been  used.  The  geo¬ 
metry  of  the  structure  is  then  schematized  in  fig. la. 
Signals  to  be  convolved  are  carried  by  two  contra- 
directive  waves  with  identical  frequencies,  launched 
from  the  two  end  transducers.  Due  to  second  order 
nonlinear  nixing  in  the  substrate,  spatially  uni¬ 
form  charges  are  generated  at  the  double  frequency, 
and  are  summed  up  by  the  output  electrode.  Due  to 
propagation  effect,  one  easily  shows  that  che  output 
signal  is  the  convolution  of  the  input  signals  with 
a  2  :  1  time  scale  compression,  provided  the  inco¬ 
ming  signals  cross  under  the  interaction  plate. 

Very  early,  it  appeared  that  the  nonlinear  phe¬ 
nomenon  was  weak  and  the  efficiency  of  such  parame¬ 
tric  devices  was  proportional  to  the  incoming  wave 
power  densities.  This  lead  to  the  introduction  of 
beamwidth  compressors  and  of  an  acoustic  guiding 
structure.  Mult  1st  rip'4"7  and  parabolic  horn^~'2  type 
compressors  have  been  used  and  more  recently  narrow 
aperture  chirp  transducers  have  been  proposed  '  ^ *' * . 

We  have  chosen  to  use  multi  strip  structure  for 
a  long  time  and  the  geometry  of  the  convolver  is 
shown  in  f ig .  2 . 

Other  techniques  to  build  convolvers  make  use 
of  the  highly  nonlinear  admittance  characteristic 
of  semiconductor  MOS  or  junction  diodes  to  mix  the 
acoustic  fields.  These  convolvers  are  called  acous¬ 
toelectric  because  of  the  electron-phonon  inter¬ 
action.  of  the  many  geometries  experimented. the 
highest  performances,  in  terms  of  signal  bandwidth 
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and  duration  capabilities,  were  obtained  with  the 
structure  shown  in  f ig .  lb, 

A  carefully  passivated  semiconductor  (generally 
Silicon)  plate  is  located  in  close  vicinity  to  the 
piezoelectric  substrate  ;  the  necessary  airgap 
which  prevents  acoust  ic  mass-loading  must  be  a  few 
thousand  angstroms  high  to  ensure  high  acousto¬ 
electric  coupl  ing  and  hence  high  efficiency.  This 
structure  can  be  made  mechanically  stable^  and  it 
has  exhibited  the  best  performances  for  several 
years.  But  elastic  convolvers  now  show  almost  iden¬ 
tical  characteristics  and  their  technology  proves 
to  much  simpler,  more  reliable  and  able  to  be  pro¬ 
duced  at  low  cost  :  so  that  they  are  now  conside¬ 
red  as  the  only  candidate  for  wideband  convolution 
systems  "Wideband"  means  greater  than  5  to  10  MHz 
for,  below  this  figure,  CCD  or  digital  techniques 
may  be  applicable. 

Table  I  shows  typical  and  limit  performances 
of  elastic  waveguide  convolvers  built  on  LIKbO. 
substrate  and  employing  beamwidth  compressors. 


Characteristics 

tiBiit 

Typical 

Input  Center  frequency  (MHz) 

400 

100-300 

Input  bandwidth,  B  (MHz) 

120 

30-80 

Flate  duration,  T  (  vs) 

40 

10-20 

I  x  B  product 

3000 

500-1000 

Max.  Bilin.  Factor,  F  (dBm  S 

-  60 

-  70 

CW  Self  Convolution  R  (dB) 

•  -  43 

'  -  35 

Max.  input  power  (dBm) 

30 

-  25 

Max.  output  S/N  (dB) 

80 

60 

Processing  Uniformity  : 

Time  -  amplitude  (dB)  p/p 

rns 

0. 

2 

phase  (deg)  p/p 

20 

rms 

3 

Frequency-Phase  (deg.  p/p  .) 

60 

Table  I  -  Performances  of  elastic  convolvers 

Maximum  efficiency  is  when  two  CW  signals  at 
center  frequency  are  fed-in.  We  then  define  the  bi¬ 
linearity  factor  F  (dBm-l)  as  the  ratio 
l,o«t/I,inl-Piu2  when  all  poweisare  expressed  in  nW. 

Kach  CW  input  also  generates  a  spurious  self 
convolution  due  to  reflexion  off  the  end  transducers 
And  one  can  similarly  write 

P  .  .  =  R.F  P,  2. 

self. conv  in  I 

when  H  represents  the  maximum  spurious  level  as 
refered  to  the  max.  convolution  . 

It  follows  that  convolvers  arc  capable  ->f  pro¬ 
cessing  up  to  100  MHz  bandwidth,  10-20  vs  duration 
signals  with  output  signal-to-noise  ratio  of  60  IB 
and  spurious  rejection  of  35  dB.  In  addition  suco 
devices  are  commercially  available  from  several 


suppliers  ;  and  they  can  be  produced  to  military 
standards . 

Memory  Correlators 

Convolution  is  a  nice  mathematical  tool  but  in 
pract ice,  cor relat ion  is  much  more  useful  for  it 
corresponds  to  filtering.  To  employ  convolvers,  one 
input  signal  must  be  fed  time  inverted  and, to  turn 
a  convolver  into  a  matched  f  liter,  contineus  recir¬ 
culation  of  the  time  inverted  reference  is  requi¬ 
red.  All  this  may  be  uneasy  and  power  consuming. 

A  better  suited  device  is  the  memory  correlator  ; 
it  is  capable  of  storing  a  given  signal  and  corre¬ 
lating  it  with  any  later  incoming  signal.  The  memo¬ 
ry  element  is  generally  made  of  an  array  of  semi¬ 
conductor  diodes,  which  also  acts  as  the  nonlinear 
mixing  element.  The  airgap  coupling  technique  des¬ 
cribed  previously  can  be  used  again,  as  shown  In 
fig.  3. 

The  signal  r  to  be  stored  is  converted  into  a 
SAW  ;  when  it  is  fully  underneath  the  array,  a 
narrow  high  amplitude  current  pulse  strongly  for¬ 
ward  biases  the  diodes.  These  charge  up  almost  ins¬ 
tantaneously  if  they  are  of  the  Schottky  type  : 
the  stored  charge  pattern  contains  a  uniform  com¬ 
ponent  and  a  periodic  component  corresponding  to 
the  acoustic  signal.  After  the  write-in,  the  stored 
charge  reverse  biases  the  diodes  and  the  information 
can  be  kept  for  long  times  depending  on  the  reverse 
current  characteristic  of  the  diode.  Any  subsequent 
signal  f  applied  to  the  input  transducer  will  mix 
with  the  stored  pattern  and  the  true  correlation 
f *r  is  generated . 

The  airgap  coupled  structure  today  shows  the 
widest  bandwidth  (60  MHz)  for  an  interaction  length 
of  some  5  ys  But  the  efficiency  is  weaker 

than  the  corresponding  convolvers  because  of  non¬ 
ideal  operation,  and  the  dynamic  range  is  limited 
(see  table  II).  This  structure  being  also  difficult 
to  industrialize  for  the  reasons  discussed  earlier, 
much  work  has  be  conducted  to  develop  monolithic 
structures.  The  most  advanced  devices  employ  a 
piezoelectric  ZnO  layer  deposited  on  Si  diodes^**-! 
as  shown  in  fig.  4.  Efficiency  is  somewhat  higher 
but  bandwidth  does  not  exceed  some  30-40  MHz  and 
plate  length  will  be  limited  by  propagation  losses. 
It  is  expected  that  devices  with  Time  x  Bandwidth 
products  of  no  more  than  a  few  hundred  will  he  fea- 
s ibl e . 

Although  research  has  been  going  on  for  10 
years  in  this  field,  no  really  satisfavinr.  device 
today  exists  outside  the  laboratories.  Other  types 
of  devices  not  making  use  of  layered  geometries  are 
how  being  studied  and  GaAs  is  one  interest  ing  ma¬ 
terial^. 
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Ah  wu  visit  to  present  experimental  systems 
viii.  h  at  e  representative  of  actual  needs  and  which 
can  he  devclopped  and  ready  for  industrialization 
within  the  next  few  years,  the  applications  descri¬ 
be!  next  employ  only  elastic  convolvers. 


Tlie re  exist  therefore  two  different  modes  of 
operation  :  asynchronous  and  synchronous. 

Synchronous  mode  of  operation  -  This  is  by 
far  the  simplest  mode.  The  two  signals  to  be  con¬ 
volved  are  fed  in  the  device  at  the  same  time.  A 
convolver  with  plate  duration  T  can  process  signals 
with  max.  duration  T.  A  message  made  of  contiguous 
symbols  can  be  demodulated  by  feeding  a  reference 
signal  composed  of  the  time  reversed  codes.  The 
block  diagram  of  a  system  applying  this  scheme  is 
shown  in  fig.  5.  VJe  assume  that  information  bit 
"l"  and  "0"  are  spread  with  orthogonal  (uncorrela¬ 
ted)  codes  Ci  and  Cq  ;  the  received  IF  signal  is 
fed  into  two  similar  convolvers  matched  to  Cj  and 
Cq  by  continuously  circulating  the  time  reversed 
code  Cy*  and  Cq  respectively.  The  correlation 
output  peaks  (whose  positions  in  time  are  known) 
then  correspond  to  the  bit  1  and  bit  0  contents  of 
the  message.  In  practice  the  spreading  codes  may 
evolve-  with  time  (to  improve  secrecy)  according  to 
o  known  law  :  the  receiver  has  simply  to  generate 
the  corresponding  correct  reference  waveform  to 
remain  matched.  Since  one  reference  code  (duration 
T)  only  serves  once,  sprading  codes  can  change 
every  bit. 


DeU  ct  ion  and  demodu  1  at  ion  in  spread_  sjyect  rum 
systems 

•  enerals  -  In  those  systems  the  bandwidth  of  the 
iniormation  to  he  sent  is  spread  by  means  of  wide¬ 
band  codes,  i'he  most  common  technique  consists  in 
replacing  each,  hit  of  information  (bit  rate  1/T)  by 
a  PN  code  composed  of  N  chips  of  duration  T/N. 
Modulation  of  the  carrier  wave  is  generally  of  the 
PSK  or  MSK  type--*.  The  receiver  must  incorporate  a 
filter  matched  to  the  expected  encoded  signals  to 
recover  the  information.  Bandwidth  sprading  yields 
processing  gain  which  results  in  improved  secrecy 
and  protection. 

To  extend  the  performances,  codes  nay  vary  from 
bit  to  bit  and  a  programmable  rn.it ched  filter  is 
required.  At  the  same  tine  encrypting  and  error 
correcting  techniques  can  be  employed. 

Some  of  the  actual  spread  spectrum  systems 
•eing  designed  employ  hit  rates  .if  Vl-J  m  kHz 

•  *'  =  i  -  20  .  s>and  spreading  rhin  tat**  o:  5u  to  200 
'!i!z  '  - “5-2'Vns )  .  The  eltst1'  convolver  is  therefore? 

i  -od  candidate,  hut  ’.  •*  a  :  i  r  .!  :  r»--.rnt  the  ope- 
r  li  i  ons  to  be  pr  r t or mod . 

•  q-  rations  to  r t •  > rm  -  .insider  two  major  applica¬ 
tions,  that  TJent  i :  i-  at  ion  •  r  it-nd-Kowl  (IFF)  and 
that  of  Tel  e«  ommur.i.  a  ions. 

in  the  I "K  "ode,  one  station  interrogates 
.inother  hv  send  in,,  out  a  si.-na!  composed  of  one 
(set  ■'!  1  .  I  he  receiving  station  must  detect 

ini  reoo.-ni/e  thi-,  signal  and  then  send  a  reply 
mt  •  cage  back  t  •  the  interrogator,  which  will  also 
have  t-»  rero.-n  t,-.  wether  the  answer  is  correct. 

In  a  'il*  ■  mi  i  <  a  t  ion  svstim  the  si.-nals  are 

rill  v  •  '-pco  ;  ..j  pr'ir.IIe  followed  hv  the 

'•  ♦  a  ♦  ’•••  t  r.in  ■ it  ted.  T  ■  i  •  ■  receiver  knows  the 

‘  v  -  it  it;  1  .  -  akin.-  r  h«  preamble  ;  it  should 

t  it-  arrival  and  ••*a  ur<  its  tint  of  arrival 
'  •  vt i >  is:  i /i  it.elf  and  be  able  to  denodula- 
•  *  "•  •  a  w;  i  -i  loilow, .  Si't'i  svst  ems  mav  not 

’  1  n-  tv  l-t  •  :•  i  c  it  I  *n  bet  data  transmission  is 

'  *  '•  . »  •  ‘  '  l  »•::  ird  1  oi  a  I  :  z.it  j  •  >n  (through  TO  A)  f 

,  •  f  ,  •  i :  1 .  . 


The  above  example  corresponds  to  simple 
binary  encoding  of  the  information,  higher  order 
encoding  is  possible  using  more  than  two  convol¬ 
vers-^,  or  using  split  plate  convolvers-^*. 

Asynchronous  mode  of  operation  -  In  general 
the  time  of  arrival  (TOA)  of  the  expected  signal  is 
unknown.  To  be  able  to  intercept  (correlate)  fully 
any  incoming  signal  of  duration  T,  it  is  easy  to 
show  that  the  convolver  interaction  length  must 
correspond  to  a  minimum  delay  time  2T.  One  general¬ 
ly  chooses  2T  for  obvious  reason  of  economy,  the 
reference  waveform  are  then  made  of  the  repetition 
of  the  time  inverted  code  every  2T  (see  fig.  6). 

The  correlation  output  time  scale  being  compressed 
one  expects  extra  invalid  signals  to  be  generated. 
Indeed  in  fact  in  general  * hree  output  correlations 
appears  when  one  signal  comes  in,  two  being  partial 
and  only  one  being  correct.  Expressed  in  another 
way,  one  may  show  that  50  %  of  the  output  must  be 
gated  off  ;  this  corresponds  to  times  when  no  re¬ 
ference  signal  is  fully  in  the  convolver,  and  it  is 
easy  to  generate  the  gating  signal  from  the  bit- 
rate  clock. 

A  convolver  with  a  repetitive  reference  and  a 
gated  output  is  exactly  equivalent  to  a  matched 
filter  except  for  the  output  time  compression. 

Detection  of  signals  is  then  performed  as  in 
the  synchronous  mode.  One  can  also  measure  the  time 
of  detection  (TOD)  and  it  is  a  simple  matter  to  re¬ 
late  it  to  the  TOA  :  there  exists  an  injective  rela¬ 
tionship  between  TOD  and  TOA  as  plotted  in  fig.  h  . 
In  practice  a  simple  binary  counter  allows  for  the 
calculation  of  the  TOA  from  TOD  and  the  reference 
clock, and  iorreet  enabling  of  this  counter  avoids 
analog  gating  of  the  convolver  output. 

Demon st rat  ioii  of  the  asynchronous  mode  -  As  an 
example  of  wideband  signals  we  used  512  chip  hold 
codes  with  a  12.5  ns  chip  duration,  biphase  (DSK) 
modulating  a  T0f'  Mhz  carrier  .  A  special  convolver 
was  designed  featuring  the  c harac t er i st i cs  given  in 
table  III.  And  an  active  module  including  input/ 
output  amplifiers  and  filters  was  built  around  it. 


It#  F-factor  maaaurad  with  wideband  signals  was 
17.5  dBm-1.  Matched  Gold  sequence  generators  and 
modulators  generate  the  repetitive  12.8  vs  period 
reference  and  simulate  received  6.4  vs  wideband  sym¬ 
bols. 


Input  Center  Frequency  (MHz) 

405 

Input  Bandwidth  (MHz) 

80 

Plate  Duration  (us) 

12.8 

F(dBm  )  max  CW 

-  66 

PSK  80  MHz 

-  69 

Processing  Uniformity 

Amplitude  (dB)  p.top. 

<  1 

rms 

0.2 

Phase  (deg.)  p.top. 

15 

rms 

<  S 

CW  Self  Convolution  (dB) 

-  35 

Implementation  Loss  (PSK-80  MHz)  (dB) 

-  0.4  *  0.5 

Table  III  -  Characteristics  of  the  multistrip 

bearawldth  Convolver  built 

to  process 

80  MHz  chip  rate,  6.4  us 

duration  PSK 

signals 

Input  Center  Frequency  (MHz) 

405 

Processing  Uniformity  (as  a  function 

<  0.2 

of  TOA)  (dB) 

CW  Self  Convolution  (dB) 

-  36 

Implementation  loss  (PSK-80  MHz)  (dB) 

-  0.4  -  0.5 

Max.  Output  S/Noise  end  Spurious  (dB) 

60 

Power  Dissipation  00 

11.5 

Table  IV  -  Performance  of  convolution  module  when 
employed  as  a  filter  matched  to 
512  x  12.5  ns  chip  PSK  modulated  signals. 
Power  level  is  24  dBm  at  convolver 
reference  input  port- 

Maximum  Power  level  at  convolver  signal 
input  port  is  24  dBm. 

Typical  output  waveforms  are  represented  in 
fig.  7  .  Three  correlation  signals  appear  in  gene¬ 

ral  (see  fig.  7a),  of  which  the  middle  one  is  only 
meaningful  and  useful  ;  and  two  full  correlations  may 
appear  when  the  reference  is  synchronized  with  the 
received  signal  (see  fig.  7b).  Details  of  the  corre¬ 
lation  figures  are  shown  In  fig.  8  :  the  main  lo¬ 

be  to  side  lobe  level  varies  with  the  code  used.  It 
is  generally  around  18.5  dB  and  may  reach  23.5  dB 
in  some  instance  (with  code  n"  0  as  shown  in  fig. 8a). 
This  is  in  agreement  with  calculation  taking  into 
account  the  bandwidth  limitations  of  the  RF  signals. 

Dynamic  range  and  implementation  loss  are  two 
other  major  characteristics  to  be  considered  when 
designing  such  a  correlation  sub-system. 


In  abssnc*  of  received  signals  Che  presence  of  1 

the  recirculating  refaranca  generatesa  noise-like  j 

output  (dua  to  self  convolution)  which  adds  to  the  out¬ 
put  amplifier  thermal  noise.  On  the  other  hand  the  j 

maximum  input  signal  level  should  be  so  that  no  sa¬ 
turation  effects  takes  place  and  anti-jam  protection 
is  not  degraded  :  this  means  that  the  CW  filtering 
characteristics  should  not  be  degraded  by  the  pre¬ 
sence  of  CW  self  convolution.  For  example  the  pre¬ 
sent  module  can  be  operated  up  to  input  level  of 

-  1  dBm  (24  dBm  at  convolver  port)  and  the  maximum 
output  slgnal-to-nolse  ratio  Is  60  dB.  This  may  be 
called  the  dynamic  range  of  the  module. 

The  implementation  loss  characterizes  how  clo¬ 
se  to  an  ideal  matched  filter  the  correlation  module 
behaves.  .This  can  also  be  viewed  as  the  degradation 
in  processing  gain  (in  presence  of  white  noise)  from 
ideal.  The  detail  of  how  this  loss  is  measured  are 
given  else  where!5.  The  measured  value  Is  here 

-  0.4  !  0.5  dB.  The  oscillograms  of  fig.  9  pictor tal¬ 
ly  suggest  this  result. 

Processing  of  sidelooking  synthetic  aperture  Radar 
dSAR)  Signals 

Digital  processors  using  SAW  Convolvers  -  The 
convolver  can  be  considered  as  an  analog  calculator 
and  as  such  it  is  interesting  to  express  its  perfor¬ 
mances  using  digital  equivalents  :  it  can  be  estima¬ 
ted^,  26  that  its  processing  speed  varies  between  1 
and  10  G. FLOPS  (floating  point  operations  per  second) 
its  accuracy  corresponds  to  some  6  bits  (floating 
complex)  and  its  dynamic  range  to  8-12  bits. 

Such  high  speeds  together  with  reasonable  accu¬ 
racy  and  dynamic  range  make  them  very  attractive  for 
application  to  modern  signal  processing  systems  to  he 
designed  in  the  r-dar  and  sonar  fields  where  either 
fast  response  or  large  quantity  of  information  are 
required.  These  systems  very  often  necessitate  the  use 
of  digital  memories  to  process  non  simultaneous 
signals,  to  acquire  a  large  number  of  signals  and 
perform  multiplexing,  or  to  vary  the  time  scale  by 
changing  the  memory  readout  speed.  In  addition  post 
processing  (decision  making,  display...)  is  general¬ 
ly  digital .  It  is  therefore  necessary  to  make  the 
convolver  digitally  compatible  if  one  wishes  to  use 
it  in  such  systems . One  typical  example  is  described 
next . 

Principle  of  sldelooklng  SAR  correlation 
processing  -  An  airborne  sidelooking  SAR  is  meant 
to  image  a  ground  strip  parallel  to  the  plane’s  route 
(see  fig.  10).  Standard  pulse  compression  technique?' 
are  employed  to  yield  good  sideways  resolution.  The 
plane  progression  is  used  to  perform  scanning  in  the 
other  direction  and  to  synthesize  a  large  dimension 
antenna.  Enhanced  resolution  ("refining”)  along  the 
plane's  route  is  achieved  through  correlation  of  the 
received  signals  from  each  range  cell  with  the  ideal 
point  echo  of  the  range  cell.  This  turns  out  to  be 
a  linear  chirp. 

3  4 

In  practice  they  may  be  10  to  10  range  cells 
and  the  refining  ratio  (correlation  gain  TxB)  may 
vary  from  50  to  500.  For  each  range  cell  a  memory 
stores  as  many  words  on  they  are  received  responses 
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of  an  echo  during  its  illumination  by  the  radar. 

This  number  is  at  Least  equal  to  TxB. 

Often  it  is  interesting  to  process  signals 
in  real  time  and  on-hoard  for  operational  reasons 
i speed)  or  for  technical  reasons  (to  reduce  the 
quantity  of  information  to  transmit,  as  in  a 
satellite).  The  amount  of  information  is  then  very 
large.  If  correlation  is  computed  one  point  at  a 
time,  the  required  speed  is ;  extremely  high  (in 
the  1  (’FLOPS  range).  It  is  more  advantageous  to 
compute  several  points  at  a  time  (computation  by 
part)  and  the  convolver  is  well  fitted  for  such 
ar.  operation. 

Assuming  1000  range  cells,  TxB  =  120  and  a 
radar  repetition  frequency  of  500  Hz,  one  may  for 
instance  compute  10  points  at  a  time  and  the  re¬ 
quired  t *ne  for  this  calculation  must  be  less  than 
.‘<i  ;  s.  A  convolver  with  a  TxB  of  some  120  and  pla¬ 

te  durational  less  than  20  ..  s  is  adequate.  This 
is  how  the  sub-assembly  built  was  designed. 

0orrel.it  ion  sub-assemhlv  -  A  schematic  of  the 
!  I  i t ;i  1  input-output  correlator  built  is  represen¬ 
ts!  in  iig.  11.  Its  major  characteristics  are  given 
in  the  figure. 

The  present  stage  of  development  of  this  pro¬ 
totype  processor  is  that  of  a  feasibility  model. 

Vet  it  only  fills  a  volume  of  2.1  l  and  dissipates 
•1.5  W.  Simple  integration  should  yield  a  2  :  1 
reduction  of  these  figures. 

By  comparison,  a  specialized  digital  processor 
w a*.  ^  1  so  built.  !t  computes  the  correlation  point 
bv  point.  For  a  -»*bit  coding,  the  overall  volume 
and  dissipated  power  of  the  prototype  are  15  l  and 
600  V  (not  including  the  memories  which  are  present 
in  all  configuration). 

The  gain  in  volume  x  power  brought  by  the  hy¬ 
brid  SAW-digital  solution  is  of  some  100.  It  would 
be  for  greater  in  they  were  more  range  cells  and 
more  samples  to  process  since  the  present  hybrid 
operator  is  not  utilized  at  its  full  power  yet. 

Lxample  of  operation  -  To  test  the  operation  of 
the  processor,  we  simulated  the  ideal  echo  from  a 
point  source  (i.e.a  linear  chirp)  and  correlated  it 
with  the  actual  reference  waveform  (i.e.;the  matched 
lini  »r  chirp,  with  weighting  for  sidelobe  suppres¬ 
sion).  The  digital  test  signals  are  made  of  256 
complex  samples  coded  over  2xf 5  +  Sgn)  bits  with 
sampling  speed  22.2  MHz,  providing  two  11.5  is 
11  MHz  ramps  (see  fig.  12).  The  resulting  input 
5  i'  signals  are  shown  in  fig.  13.  And  oscillograms 
of  the  correlation  output  are  given  in  fig.  14. 

The  design  sidelobe  suppression  and  main  lobe  1  dB 
width  are  2P  dB  and  54  ns  respect  ivelv.  In  practice 
the  shape  of  the  main  lobe  is  respected  to  within 
<%  tow  and  flic  max.  sidelobe  level  is  around 

-  25  db.  Spurious  rejection  is  close  to  28-30  dB 
,♦  in  ir.g  that  an-  overall  hit  accuracy  has  been 
»■  *.  iev.-d . 


Cone lusion 

Two  families  of  SAW  devices  have  been  presen¬ 
ted  :  the  convolver  and  the  memory  correlator. 

Whereas  the  former  can  be  built  on  a  mere  piezoelec¬ 
tric  substrate  using  a  simple  and  reliable  techno¬ 
logy  and  providing  wide  bandwidth  and  large  dynamic 
range,  the  latter  requires  a  semiconductor  memory 
element  in  the  form  of  a  diode  array  and  their  per¬ 
formances  are  still  somewhat  limited  for  practical 
use.  This  type  of  device  yet  being  in  principle  far 
superior  to  convolvers,  research  cont  inues  to  be 
very  active  in  this  field  and  various  concepts  are 
being  experimented. 

As  for  now,  all  practical  implementat lore  have 
to  rely  on  convolvers.  Two  main  applications  exist. 

Wideband  analog  programmable  matched  filtering 
is  one.  The  convolver  is  equipped  with  a  reference 
generator  ;and  an  output  gate  to  suppress  invalid 
correlation  products).  Synchronous  and  asynchronous 
modesare  possible.  Wide  dynamic  range  and  near  ideal 
operation  have  been  demonstrated  over  bandwidth  as 
high  as  1  HO  MHz.  Alternate  techniques  (digital  or 
-CD)  are  not  viable  beyond  5  to  10  MHz  bandwidth  and 
the  convolver  will  remain  the  only  solutions  for 
several  more  years. 

Fast  calculation  is  the  second  application. 
Convolvers  like  other  SAW  devices4-^  are  well  fitted 
to  coupling  to  digital  circuits.  They  allow  for 
compact  and  very  high  speed  digitally  compatible 
processors.  These  multipurpose  correlation  proces¬ 
sors  can  be  used  today  in  radar  systems  whenever 
real  time  processing  of  fast  signals  or  of  large 
quantities  of  information  is  needed  ;  this  is  the 
case  of  the  application  to  synthetic  aperture  radar 
mapping  described  here.  Modules  are  able  to  handle 
200-500  digital  samples  coded  over  6  to  8  complex 
bits  at  input  rate  of  20-30  MHz.  The  Development 
of  faster  modules  will  follow  that  of  faster  digi¬ 
tal  and  interfacing  circuits.  And  we  knows  that 
progress  in  this  field  is  steady. 
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PIEZOELECTRIC 


Figure  1.  Basic  Geometry  of  an  Elastic  (a)  and  an  Acousto¬ 
electric  (b)  Convolver 


INPUT  1 


CONVOLUTION 

OUTPUT 


INPUT  2 


Figure  2,  Piezoelectric  Multistrip  Beamwidth  Compressor 
Waveguide  Convolver  (Elastic  Type) 


Autocorrelation  code  256 
avec  reference  repetitive (  T»  i2.8ps) 


Figure  7  Typical  Correlation  Output  Before  Gating  (a)  Ref 
erence  Unsynchronized,  (b)  Reference  Synchronized 
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MCV  004 S 

Code  de  Gold  SlZ  x  12. 5>ns 


Autocorrelation  e«)  code  O 
(6)  code  ZS6 


Figure  8  Matched  Filtering  of  Two  51?  x  12  5  ns  Chip  Gold 
Codes  (PSK  Modulation)  Using  a  Convolver  Module 
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Figure  12.  Input  Test  Signal  (Unweighted)  and  Reference 

(Weighted)  Linear  Chirp  Waveform  (After  D  to-A 
Conversion) 


Figure  13.  155  MHz  Carrier  Wave  Modulation  by  I  and  Q  Digital 
Components  of  a  Reference  Weighted  Chirp 
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Figure  14.  Correlation  of  Test  Signal  and  Reference  Digital 
Chirp  Waveforms  (After  Linear  Detection) 
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VI.  I'RARKPROlH'C  I  BLL  SAW  RESONATOR  PRODUCTION 


W . K .  Ku 1st,  K .  Willibald 


Siemens  AC,  Rost* arc!)  Laboratories,  Munich,  West  Germany 


S  umn:  a  r  y 


A  tab ri cation  process  tor  U)0  MH /  and 
•^bl  MHz  SAW  resonators  with  unloaded  Q  fac¬ 
tors  of  1  SO  1)0  and  Id  0  00  has  been  developed 
wh  i  c  h  yields  a  f  r  e  q  u  e  n  c  y  r  e  p  r  o  d  u  c  i  b  i  1  it  y 
of  +  15  ppm  within  one  substrate  without 
individual  f  r  e  q  u  e  n o  y  t  r  i  mm  i  n  g  f  o  r  e  a  c  h 
chip.  This  was  achieved  bv  i)  x-ray  topo¬ 
graphical  p  re  se  1  e  c  t  i  on  et  na  t  u  r  a  1  -  it r own 
quartz  substrates,  ii)  by  the  use  of  metal¬ 
lic  £  r  a l i n £  r  e  f 1 e  c  t  o r  s  fabricated  by  dir e  c  t 
step  on  tile  wafer  with  a  1:  10  optical  pro- 
i  eel  i  o  n  print  i  n  g  a  n  d  1  i  f  t  -  o  f  f  t  e  e  h  n  i  q  u  e  , 
and  iii)  by  e  a  ref  ul  mounting..  With  typical¬ 
ly  b  8  e  h  i  p  s  per  s  u  h  s  t  r  ate,  9  0  T  v  i  e  1  d  h  a  s 
been  regularly  achieved.  The  f requeue y 
deviation  from  substrate  to  substrate  for 
selected  natural  quartz  material  is  about 
+  ..  0  ppm.  Therefore  for  most  applications 
the  pos  a  b  r i c  a t ion  frequency  adjustment 
it  rimming)  of  each  individual  resonator  can 
n o w  1) e  omitted.  T he  measurement  o f  a c celer- 
ated  (high  temperature')  aging  indicates 
that  aging  rates  are  obtained  which  are 
comparable  to  those  for  precision  bulk  wave 


crystals. 

A 


1  .  Introduction 


A  new  technology  such  as  that  of  sur- 
f  a c  e  a c o u s  t  i  c  waves  (  SAW)  normally  finds 
rapid  initial  application  only  in  those 
sectors  in  which  there  are  no  practical 
alternatives.  Examples  of  such  applications 
a r  e  S  A W  pu 1 so-oompress ion  f i  Iters  f o r  rad  a  r 
equipment1,  wideband  S  A  W  delay  lines  lor 
special  receivers'  and  miniaturized  o s e i  1 ~ 

1  a  t  o  r  s  with, SAW  resonators  as  well  as 
delay  lines  in  on-board  equipments. 

As  against  this,  however,  the  un famil¬ 
iarity  of  SAW’  technology  to  the  user  leads 
to  its  reluctant  acceptance  in  sectors  in 
which  well-established  conventional  tech¬ 
niques  find  wide  application.  In  such  cases 
the  SAW  component  must  offer  a  whole  range 
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such  as  greater  design  flexibility,  small 
size,  ruggedness  and  above  all  by  obviat¬ 
ing  the  considerable  effort  involved  in 
individual  tuning. 

Advantages  of  SAW  oscillators  w h i c h 
have  hitherto  been  realized,  such  as 
higher  basic  frequency  and  simple  circui¬ 
try  are  however  insufficient  to  persuade 
users  to  give  up  the  f  a  m i 1 i a  r  and  o p  t i m  al¬ 
ly-established  bulk  wave  crystal  technolo¬ 
gy  and  thus  bring  about  a  wider  a  p  p 1 i c  a  - 
t ion  of  SAW  resonators  and  narrow  band 
delay  lines  for  oscillators  in  the  V  \\  F  and 
I’HF  range  in  the  sectors  of  TV,  mobile 
radio,  optical  communications,  measuring 
instruments  etc.  The  user  will  switch  to 
this  t  e  c  h n  o 1 o  g  y  only  it  there  is  severe 
pressure  from  the  cost  side  and  if  such  a 
switchover  does  not  involve  any  perform- 
a  nee  d  e  g  r  a  d  a  t i o n  . 

An  essential  cost  factor  in  bulk  wave 
resonator  technology  is  the  unavoidable 
frequency  trimming  of  each  individual 
crystal.  In  comparison  with  this,  SAW 
technology  involves  planar  techniques  and 
thus  promises  greatly  improved  reproduci- 
b i 1  it y  .  H o v ever,  reported  values  for  fre¬ 
quency  reproducibility  in  SAW  resonators 
current  1  v  a  r  o  in  t  h  e  r  a  n  g  e  o  f  +300 ...  +  500  ppm 
^  and  thus  still  exceed  the  typical  re¬ 
quirement  of  less  than  +70  ppm  deviation 
f r  o  m  t  a r  g  e  t  f  r  e  q u e  nev . 

The  purpose  of  this  work  therefore 
was  to  increase  the  reproducibility  of  SAW 
resonator  fabrication  to  such  a  degree 
that  individual  resonator  trimming  can  be 
completely  omitted  and  to  improve  SAW  rc- 
son.itor  aging  to  achieve  aging  rates  that 
are  comparable  to  those  of  precision  bulk 
wa ve  crystal s  . 

■i  .  Design  V.  o  n  s  i  d  e  r  a  t  i  o  n  s 

SAW  resonators  were  designed  to  be 
c o  m  p  a t i b 1 e  with  a  simple  single  layer 
fabrication  process.  A  t vo-por  t  i'onf  i  g u  r  a  - 
lion  was  used  consisting  of  two  -+  finger 
pair  Hamming  weighted  transducers  with  • / ^ 
fingers  and  two  gratings  with  5C0  shorted 
! U  metal  strips.  Transducers  and  gratings 
have  an  aperture  of  100  1  .  Using  this  de¬ 

sign  resonatv'rs  with  center  frequon  c  i  e  s  o  f 
100  MHz  a  n  d  '*  b  1  M  H  z  v  e  r  o  r  e  a  1  i  z  e  <j  with 
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* 


100  nm  end  65  nm  Aluminium  metal 1 i za c ion 
thickneae ■ 

Th •  metallization  of  the  p  iazoelac tr  ic 
aubacrate  lead*  to  velocity  change!  in  the 
metallized  region!  and  thua  to  frequency 
ahifta  of  the  resonator).  At  leait  five 
factor!  must  be  coniidered  in  order  to  al¬ 
low  this  velocity  change  to  be  anticipated 
in  the  design  at  least  as  an  approximation. 
These  are  velocity  changes  resulting  from 


short-circuiting  of  the  piezoelectric 
tangential  fields  under  the  metallized 
layer 

.  v  -  v 
Av  ,  _ s _ °° 

V  v^ 

v  :  SAW  velocity 

v  :  SAW  velocity  on  the  electrically 
shorted  substrate  surface 
v^:  SAW  velocity  on  the  free  substrate 
surface 

the  mass  loading  of  the  surface  acoustic 
waves  by  the  metallized  layer 


Av 

v 


h/\ 


h  :  thickness  of  metallic  layer 
'  :  SAW  wavelength 

the  storage  energy  effect7  at  the  metal 
edge  s 

—  n  ( h  /  \  )  * 

V 


the  degree  of  coverage 


B 


F 

d 


F 

F  +  G 


d  :  finger  period 
F  :  f  inger  width 
G  :  finger  gap 

the  transducer  thinning 


_ 1_ 

t  + 


G 

F 


no.  of  metallized  periods  in  transducer 
no.  of  all  periods  in  transducer 


The  frequency  change  can  be  estimated  by 
the  empirically  found  formula: 

v  -  v 


Fo  r 


-0,58-  10 


-3 


3 .  Fabrlcat  ion 

In  ordtr  to  attain  the  dasirad  resonator 
frequency  end  high  reproducibility  in 
production  four  points  have  been  consid¬ 
ered  carefully: 

quartz  material 
mask  pattern 
photolithography 
mount ing . 

The  tolerances  for  the  cut  angle  of  the 
quartz  substrates  were  specified  at  a 
maximum  of  ♦!  angular  minute  for  the  sur¬ 
face  normal  (37.5  deg.)  and  for  the  direc¬ 
tion  of  wave  propagation  (X).  The  adjust¬ 
ment  of  our  exposure  equipment  is  accurate 
to  +1  jjm/1  mm  or  to  3.4  angular  minutes,  so 
that  with  this  material  relative  frequency 
fluctuations  of  up  to  +6  ppm  can  be  ob¬ 
tained^.  Quartz  material  specified  to  such 
a  precise  degree  is  currently  unobtainable 
on  the  market  and  is  thus  manufactured 
in-house.  The  wafers,  having  dimensions 
of  33  mm  x  36  mm  x  0.5  mm,  are  manufactured 
from  natural  quartz  with  maximum  tapers  of 
+1  um.  A  substrate  etching  subsequent  to 
polishing,  e.g.  with  ammonium  bifluoride, 
to  remove  the  damaged  layer  was  not  carried 
out. 

Resonators  were  fabricated  using 
direct  step  on  the  wafer  with  1:10  optical 
projection  printing.  Reticles  were  manu¬ 
factured  by  use  of  an  ELECTROMASK  pattern 
generator  EM  220.  It  has  been  proven  that 
machine  tolerances  in  positional  precision 
(effect  on  finger  period)  and  in  aperture 
resolution  (effect  on  finger  width)  may 
result  in  fairly  large  frequency  shifts 
(&  ^20  ppm. ..+60  ppm  for  300  MHz... 900  MHz) 
for  the  SAW  resonators.  However,  these 
frequency  shifts  can  be  compensated  for 
by  choosing  an  appropriate  metallization 
thickness  as  will  be  shown  later. 

The  photolithographic  process  consist 
of  the  following  single  steps: 

substrate  cleaning 

evaporation  of  a  2  nr  thick  alumini-r. 
adhe  s  i  ve  layer 

photoresist  coating 
predevelopment 

exposure  (  D  .  MANN  Phot  ore  pea  ter  3696) 


an  actual  measurement  on  aluminium  trans¬ 
ducers  on  ST  quartz,  measured  at  50  ohms, 
gave  the  results:  A  *  -0.2,  C«  -34. 

Applied  to  300  MHz  SAW  resonators  with 
aluminium  gratings  (T  1)  this  formula 
yields  a  frequency  deviation  of  about 
♦60  ppm  per  1  nm  aluminium  thickness  vari¬ 
ation  and  about  ♦  4  ppm  per  10  nm  line  - 
width  variation. 


development 
aluminium  evaporation 
-  lift-off. 

Using  this  process  the  incidental  fluctua¬ 
tions  in  line  width  (standard  deviation) 
within  one  substrate  are  typically 
d  j  +0.02  urn  as  measured  with  the  "La  timet 
Automatic"  by  Leitz  Ltd.  This  value  is  10 
times  as  accurate  as  that  assumed  in  ref.  9 
(‘  =  +0.2  urn)  and  leads  to  a  significant 
improvement  in  the  reproducibility  of  both 
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•  ■  ■ «  :  . !  -  t  v'  r  and  i  hi  renter  frequency 

r  i  >■  .  ’■  >  • !  tiie  resonators.  A  typical 

; ■ 1 :  > ■  t  • 1  •  *  i  i  a  p  h  i  c  yield  for  SAW  resonators 
put/  substrates  is  98“'  for  chip  numbers  be- 
twe*  ■■  m  i  ii  d  100.  Hu*  assessment  criteria 
;  \  '.hi"  »  a  ^ e  are:  no  short-circuits  or 

in  the  transducers  and  a  maximum  of 
4  a  e  :  .  t  s  i  'luu  i-.-  in  nits  and  breaks)  in 

*  •  e  V  i  e  Id  s  9  S  v  are  obtained  in 

i  hr  iiuiivi  iual  chip  handling  process 

'cl  railing,  m*  lilting,  bonding). 

Alter  the  optical  check  the  0.5  mm 
:'nick  quartz  substrates  are  cut  into  to  a 
jepth  i  U  .  (  5  mm  and  then  broken.  The 
m-:nt in g  procedure  is  designed  to  avoid 
distortions  hv  not  clamping  the  chips  in 
1  ho  direction  of  wave  propagation.  The  re- 
:  ■  :lt  is  the  chip  bonding  mode  (with  Ablest  ik 
■  !>  shown  in  Fig.  t.  (.liven  workmanlike 

d  i  •;  t  o  r  t  i  o  n  -  t  r  t  e  mount  ing  of  the  SAW  chips 
i  their  packaging,  microprohe  measurements 
■.  ide  directly  on  the  water  revealed  no 
iitj'univ  shift  as  may  result  from  sawing, 
r. -.iking  or  bonding.  After  bonding,  headers 
and  lids  are  both  subjected  to  intensive 
"V  i  rr.ul.it  ion  for  2  hours,  then  tempered 
:  .  r  2  4  hours  in  a  vacuum  oven  at  180  deg. 
i ,  and  finally  welded  in  a  nitrogen  atmos- 
phe re  <  S ”  he  1 i um)  . 

faking  into  account  the  estimation  in 
section  2 ,  in  most  cases  our  first  design 
provides  us  with  an  accuracy  of  ;  +100  ppm 

in  attaining  t  h  e  desired  center  frequency. 

S u c  ii  frequency  deviations  may  still  be 
corrected  in  the  prototype  status  simply 
by  modifying  the  thickness  of  the  metallic 
layer,  without  causing  any  significant 
distortions  in  the  frequency  response  of 
the  SAW  resonators.  Frequency  deviations 
larger  than  +100  ppm  may  be  corrected  in  a 
second  reticle  simply  by  scaling  the  finger 
periodicity  and  the  desired  center  frequen¬ 
cy  is  finally  attained  with  an  accuracy  of 
♦30  ppm. 

4.  Electrical  Testing 

The  resonators  were  electrically 
tested  by  using  an  automatic  measurement 
system.  This  system  consists  basically  of 
a  network  analyzer  (HP  8505A),  a  synthe¬ 
sizer  (HP  8662 A)  ,  a  quartz  thermometer 
'.HP  2  8  0  4  A  )  and  a  desk  top  computer  H  P  98  3  , 

connected  by  the  HP  interface  bus.  In  every 
run  measurements  were  taken  of  temperature 
and  minimum  insertion  loss  as  well  as  of 
r  h  e  group  delay  time  as  a  derivation  of  the 
phase  response  ,  and  of  the  frequencies  at 
minimum  insertion  loss  and  maximum  group 
delay  time.  The  uncertainty  in  the  center 
frequency  due  to  the  limited  resolution  of 
amplitude  (0.01  d  B  >  and  phase  (0.1  deg.) 
measurement  is  1.5  ppm. 


5 .  Results 

5.1  Resonator  Frequency  R  e_sp  on  s  e 

Fig.  2  and  3  show  the  measured  fre¬ 
quency  response  of  typical  300  MHz  and 
461  MHz  SAW  resonators.  One  of  the  funda¬ 
mental  results  of  tnis  investigation  was 
to  show  that  SAW  resonators  with  aluminium 
gratings  attain  Q  factors  comparably  to 
those  of  grooved  resonators  under  the  same 
conditions  (air  loading,  ncn-recessed 
transducers  with  -•  / 4  fingers).  Their  values 
range  from  about  50%  to  60%  of  the  material 
Q  factor  and  can  certainly  be  further  im¬ 
proved  by  using  more  metal  strips  per  grat¬ 
ing,  by  making  the  strips  thinner  and  by 
welding  them  under  a  vacuum.  It  should  be 
noted  in  this  regard  that  these  Q  factors 
were  obtained  by  using  a  simple  standard 
single  layer  process  having  optimal  pro¬ 
duction  conditions. 

5.2  Reproducibility 

The  reproducibility  of  resonator  fre¬ 
quency  was  first  tested  by  fabricating 
300  MHz  resonators  on  a  synthetic  ST  cut 
3"  quartz  wafer  (Fig.  4).  Comparing  reso¬ 
nator  frequency  and  resonator  location  on 
the  wafer  (mapping)  strong  frequency 
shifts  are  observed  also  between  adjacent 
chips  which  cannot  be  due  to  photoli¬ 
thography.  Therefore  the  substrate  mate¬ 
rial  was  investigated  by  x-ray  topography 
in  order  to  visualize  defects  and 

distortions  in  the  crystal.  At  the  center  j 

of  the  wafer  shown  in  the  topogram  the  small  i 

rectangular  seed  crystal  can  be  seen,  i 

around  which  the  quartz  material  grew  in  j 

the  autoclave  under  hydrothermal  condi-  j 

tions.  Growth  lines  run  radially  from  the  j 

edges  of  the  seed  to  the  wafer  edge,  and 
these  lines  divide  the  wafer  into  sectors 
of  varying  crystal  quality1^.  As  was  to  be  1 

expected,  the  reproducibility  in  the  more 
uniform  grown  Z  sectors  is  higher  than  that 
in  the  X  sectors.  The  resonators  were  ex¬ 
posed  in  pairs,  i.e.  each  pair  was  exposed  , 

once  only  in  a  step-and-repeat  process  by  : 

the  repeater,  directly  on  the  wafer.  Thus 
the  frequency  variations  within  a  pair  re¬ 
sult  predominantly  from  local  material 
irregularities.  Probably  the  regular  fre¬ 
quency  increase  in  the  direction  of  the 
flat  occurs  as  a  result  of  a  gradual  re¬ 
duction  of  the  aluminium  layer  thickness, 
but  layer  thickness  measurements  by  an 
"Alphastep"  by  Tencor  Ltd.  provided  no 
useful  information  since  the  measurements 
made  by  this  instrument  were  reproducible 
only  to  +2.5  nm.  In  the  future  we  hope  to 
obtain  an  increase  in  reproducibility  from 
wafers  with  pure  Z  areas  (Fig.  5).  Such 
wafers  are  currently  being  subjected  to 
the  same  investigations. 

X-ray  topographs  of  natural  quartz 
substrates  (Fig.  6)  with  461  MHz  SAW  reso¬ 
nators  also  show  growth  defects  to  some 
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extent  and  pronounced  frequency  scattering. 
Alter  modification  of  our  evaporation  system 
to  get  better  thickness  uniformity  we  now 
regularly  attain  frequency  reproducibility 
of  +50  ppm  on  substrates  of  this  kind. 
Typically  the  Q  factor  in  these  cases  varies 
by  +5 7.  and  the  insertion  loss  by  ^  +1  d  B  . 

Finally  defect  free  natural  quartz 
wafers  were  selected  by  x-ray  topography 
(Fig.  7).  Using  these  perfectly  grown  quartz 
wafers  a  frequency  re p r oduc i b  i  1 iby  of 
*  +’5  ppm  has  been  obtained. 

5.3  Temper ature  response  of  aluminium  grat¬ 
ing  resonators 

The  Q  factor  and  insertion  loss  of 
aluminium  grating  resonators  manifest  a 
relatively  high  temperature  dependence 
(Fig.  8  and  9).  It  is  due  probably  to  the 
increasing  ductility  of  the  aluminium  with 
increasing  temperature  that  the  attenuation 
and  hence  the  insertion  loss  in  the  resona¬ 
te  r  increase  whereas  the  Q  factor  drops.  In 
the  case  of  ion  milled  grooved  resonators 
(272  MHz,  Qu]  *  16000)  with  only  four  fin¬ 
ger  pairs  per  transducer,  the  insertion 
loss  and  the  Q  factor  remain  almost  un¬ 
changed  in  the  temperature  range  -50  to 
+1)0  deg.  C . 

_4 _ Aging  investigations  on  aluminium  grat¬ 

ing  resonators 

It  is  intuitively  assumed  that  the  use 
of  metal  reflectors  in  place  of  grooved 
resonators,  which  are  metallized  only  in 
the  transducer  area,  must  necessarily  lead 
to  an  inferior  aging  response  due  to  the 
high  proportion  of  metallization  in  the 
active  volume  of  the  SAW  resonator.  With 
these  factors  in  mind,  active  aging  trials 
were  carried  out  at  room  temperature. 

"he  effects  of  accelerated  aging  at 
150  deg.  C  and  of  electrical  drive  level 
on  the  frequency  response  of  the  aluminium 
grating  resonators  were  investigated.  The 
results  obtained  indicate  that  the  type  of 
photolithographic  fabrication  process  used 
is  of  decisive  significance  for  the  aging 
response  of  SAW  r  e  s  o  n  a  t  o r  s  . 

5 •  **  •  1  Ac  tive  Aging  at  Room  Temperature 
An  unused  461  MHz  resonator  was  connected 
together  with  a  wideband  amplifier  (UTO  521, 
A vant ok)  in  a  simple,  coaxial  laboratory 
setup  t  <»  form  an  oscillator  circuit.  The 
frequency  and  the  power  output  were  then 
measured  with  a  counter  (HP  5342A,  aging 
rate  of  time  base  5*10  '/day),  and  the 
temperature  with  a  quartz  thermometer 
(HP  2  8  0 4  A )  .  The  initial  aging  rate  was 
t  .Mind  to  be  1  •  1  0  ~  ^  /  d  a  y  0  n  the  logarith¬ 
mically  fitted  curve  after  30  days  warmup 
period  (Fig.  10).  The  experiment  was 
curtailed  after  30  days  when  it  became 
clear  that  the  measurement  would  have  to  be 
repeated  under  much  more  closely  controlled 
on  v i r on me  n  t  a  1  c  end  i  t  ions. 


5.4.2  Accelerated  Aging  We  subjected 
35  300  MHz  resonators  (Fig.  1)  to  acceler¬ 
ated  aging  at  150  deg.  C.  The  initial 
aging  period  in  the  oven  was  set  at  2  hours 
and  the  time  intervals  were  continually 
doubled.  In  the  meantime  the  resonators 
were  -  after  cooling  down  -  successively 
connected  into  the  same  oscillator  circuit 
as  in  section  6.4.1  and  after  a  warmup 
period  of  5  minutes  and  a  temperature 
compensation  to  28  deg.  C,  the  oscillator 
frequency  and  output  power  were  measured. 

For  25  resonators  the  oscillator  power 
was  reduced  by  less  than  27,  in  the  course 
of  the  44  days  of  accelerated  aging  at 
150  deg.  C,  for  a  further  8  resonators  it 
was  reduced  by  less  than  5%,  and  2  resona¬ 
tors  failed  completely.  The  latter  could 
be  attributed  to  bonding  failures,  since 
subsequent  bonding  returned  both  these 
components  to  f u 1 1 y- f unc t i ona 1  condition. 

The  results  of  these  agi:  g  measure¬ 
ments  are  shown  for  a  typical  case  with 
logarithmic  fitting  in  Fig.  11  and  for  all 
35  resonators  in  Fig.  12.  All  the  resona¬ 
tors  agu  at  fairly  regular  rate  and  appar¬ 
ently  logarithmically  towards  higher  fre¬ 
quencies.  These  results  suggest  a  clean 
process  and  a  good  microclimate  in  the 
housing  and  indicate  that  aging  is  pre¬ 
dominately  caused  by  oxidation  and  chem¬ 
isorption  processes''. 

On  the  basis  of  van1 t  Hoff's  rule, 
according  to  which  the  reaction  velocities 
of  chemical  processes  approximately  double 
at  intervals  of  10  Kelvin  we  estimated  an 
acceleration  factor  of  512  for  an  conver¬ 
sion  from  150  deg.  C  to  60  deg.  C.  Thus 
the  logarithmically  fitted  curve  (Fig.  13) 
of  the  mean  value  of  33  resonators,  yields 
an  aging  rate  at  60  deg.  C  of  5  •  1  0  “  6  / 
(512*22  days)  =  4 . 4  •  1 0"  '^/day  *  1 .6  •  10"" /year 
after  22  days  of  accelerated  preaging. 

Mention  sould  be  made  in  this  connec¬ 
tion  of  the  relatively  rough  handling  of 
our  SAW  resonators  in  comparison  with  that 
of  the  ultra-precise  bulk  wive  crystals 
(no  polyimide  adhesive,  no  high -temperature 
process  in  an  ultra-high  vacuum  prior  to 
welding)  and  the  high  drive  level  of  10  mW 
for  our  SAW  resonators  in  comparison  with 
typical  100  u  W  for  precision  bulk  wave 
crystals'" . 

5.4.3  Aging  as  a  Function  of  Electric 
drive  level  The  effect  of  drive  level  on 
the  properties  of  the  resonators  has  ulrcad- 
y  been  described  in  '  ^  *  '  **  .  The  passive 
measurements  showed  reversible  changes  ot 
the  center  frequency  of  the  resonators  to 
be  a  function  of  the  magnitude  of  the  drive 
level,  this  probably  being  due  to  thermal 
effects. 

Of  particular  interest  to  the  oscilla¬ 
tor  user  is  the  aging  rate  of  the  oscilla¬ 
tor  frequency  as  a  function  of  drive  level 
' ^ .  For  this  purpose,  a  461  MHz  SAW  reso¬ 
nator  was  connected  together  with  a  power 
amplifier  (ZHL  2-8,  Mini  Circuits  Tab.) 
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to  lorm  an  oscillator  loop,  and  the  drive 
level  was  increased  every  24  hours  by  means 
ot  the  amplifier  supply  voltage.  After  one 
hour's  warmup  time,  the  oscillator  frequen¬ 
cy,  resonator  drive  level  and  resonator 
t  o  in  pe  rat  ure  were  measured,  and  then  meas¬ 
ured  again  24  hours  later  at  the  same  con¬ 
ditions.  The  measured  frequency  variation 
jver  a  24  hour  period  is  plotted  in  Tig.  14 
as  a  function  of  drive  level  and  indicates 
increasing  irreversible  frequency  shifts 
(aging)  at  drive  levels  >  15  dBm. 

5.4.4  Discussion  of  the  Aging  Results 
Dtir  a  g  i  n g  me  a  siTremen  t  s  indicate  ,  that 

the  measured  accelerated  aging  rates  of 
SAW  resonators  with  aluminium  gratings 
are  clearly  more  reproducible  than  those 
previously  published  for  grooved  resona¬ 
tor  s  1  ^  »  1  7  4 

SAW  resonators  with  aluminium  gratings 
can  attain  the  aging  rates  of  very  good 
bulk  wave  crystals  when  their  measured 
accelerated  aging  values  are  extrapola¬ 
ted  down  to  normal  temperatures. 

To  our  understanding  there  are  three  possi¬ 
ble  explanations  for  these  results: 

We  do  not  evaporate  a  chrome  adhesive 
layer  before  aluminium  evaporation. 

Bulk  wave  crystals  with  chrome/gold 
electrodes  manifest  significantly  higher 
aging  rates  than  those  with  nickel/gold 
elec  t  r ode  s  1  *  . 

Weusealift-off  technique  instead  of 
wet  etching  technique  and  therefore  only 
mild  organic  solutions  in  contrast  to 
extremely  corrosive  agents. 

We  do  not  use  ion-  or  plasma-etching  and 
therefore  the  polished  quartz  surface 
remains  in  perfect  condition. 

It  could  even  be,  that  the  active  region 
of  SAW  resonators,  being  only  a  few  pm  thin 
and  close  to  the  surface,  may  well  attain 
its  equilibrium  condition  more  rapidly 
than  a  bulk  wave  crystal,  typically  more 
than  0.1  pm  thick,  and  can  thus  attain  lower 
aging  rates  more  rapidly. 

Cone  1 u  s i on 

The  following  conclusions  can  be  drawn 
from  the  methods  and  results  presented  in 
this  paper:  SAW  resonators  with  aluminium 
gratings  are  mature  for  large-scale  appli¬ 
cation  and,  in  technological  terms,  are 
ready  for  mass  production  in  the  frequency 
range  from  about  200  MHz  to  800  MHz.  The 
production  process  described  here  guarantees 
hi gh  yields,  high  reproducibility  (individ¬ 
ual  trimming  is  obviated)  and  thus  low 
expenditures.  In  addition,  a  substantially 
improved  long-term  resonator  aging  in  com¬ 
parison  with  previously  known  values  is 
rerorded.  The  use  of  SAW  resonators  could 
therefore  represent  a  superior  alternative 
in  certain  application  areas  which  were 


previously  the  exclusive  domain  of  pre¬ 
cision  bulk  wave  crystals.  With  respect 
to  yield,  reproducibility  and  aging,  the 
results  of  this  investigation  are  fully 
transferable  to  narrow-band  SAW  and  sur¬ 
face  skimming  bulk  wave  (SSBW)  delay  lines 
for  oscillators  in  the  frequency  range 
200  MHz  to  1.5  GHz . 
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11:  Typical  accelerated  aging  of  a 

300  MHz  SAW  resonator  with  alu¬ 
minium  gratings,  solid  line: loga¬ 
rithmically  fitted  to  measured 
data. 


Fig.  12:  Accelerated  aging  of  35  SAW  re¬ 
sonators  with  aluminium  gratings 
logarithmically  fitted  curves  to 
measured  data  shown  only. 


empe  rature  -  !50*C 
-  a+b  ■  1n(t ) 


Accelerated  aging  of  300  MHz  SAW 
resonators  with  aluminium  grat¬ 
ings,  showing  the  mean  value  for 
33  resonators. 


Fig.  U:  Aging  rate  vs.  drive  level  for 
•ihl  MHz  SAW  resonator  with  alu- 
minium  gratings  (active  measure 
ment) . 
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Abstract 

For  the  past  few  years  Raytheon  has  had  a 
program  to  develop,  for  potential  military  applica¬ 
tions,  SAW  oscillators  in  the  300-800  MHz  range 
which  exhibit  simultaneously  state-of-the-art  per¬ 
formance  in  frequency  settability  and  stability. 
Though  specific  applications  will  not  be  discussed, 
the  requirements  are,  in  general:  (1)  The  noise 
floor  must  be  at  least  -160  dBc/Hz;  (2)  Vibration 
sensitivity  should  be  at  least  as  good  as  that  of 
AT-cut  bulk-wave  devices;  (3)  The  oscillator  fre¬ 
quency  must  be  set  in,  and  stay  in,  a  window  of 
approximately  ±10  ppm.  In  some  cases,  a  warm-up 
time  of  less  than  3  minutes  may  be  required.  Sig¬ 
nificant  progress  has  been  made  in  meeting  these 
requirements  and  will  be  discussed  in  this  paper. 

/■ 

In  the  area  of  spectral  purity,  two  topics  are' 
discussed.  The  first  is  a  low -noise  amplifier  which 
has  demonstrated  a  -176  dBc/Hz  noise  floor  when 
used  with  a  310-MHz  SAW  resonator.  Second,  the 
effects  of  external  vibration  on  noise  sidebands  are 
briefly  reviewed.  One  of  the  most  important  areas 
of  SAW  oscillator  development  has  been  that  of  fre¬ 
quency  settability.  A  trimming  technique  using 
gold  phase  pads  has  been  demonstrated  on  both 
delay  lines  and  resonators.  Experimental  results 
are  presented.  One  complication  that  is  discussed 
is  the  occurrence  of  a  frequency  shift  during  seal¬ 
ing  that  is  on  the  order  of  100  ppm.  However, 
external  pulling  techniques  have  been  developed  to 
re  adjust  the  frequency.  Many  applications  require 
the  use  of  ovens  to  maintain  a  constant  temperature. 
Fast  warm-up  may  then  become  a  requirement,  and 
data  is  presented  to  show  the  frequency  stability 
for  a  3-minute  warm-up  period.  Finally,  in  addi¬ 
tion  to  all  of  the  above  requirements,  a  SAW  oscilla¬ 
tor  must  maintain  a  long-term  stability  of  M  ppm 
per  year.  Data  is  presented  to  establish  baseline 
aging  rates  for  devices  cold  weld  sealed  in  TO- 8 
packages  and  also  to  show  rates  for  trimmed  devices, 
and  devices  mounted  for  low  vibration  sensitivity . 


Introduction 

Surface  acoustic  wave  (SAW)  controlled  oscil¬ 
lators  have  been  successfully  used  in  a  number  of 
military  and  commercial  applications  where  high  fre 
quency  and/or  low  noise  were  important  considera¬ 
tions.  However,  these  applications  have  generally 
had  rather  loose  requirements  on  frequency  setta 
bility  and  stability.  A  typical  frequency  window 


has  been  ±  500  ppm.  There  remain,  however,  a 
large  number  of  other  applications  with  significantly 
tighter  requirements  that  would  be  ideal  for  SAW 
oscillators  if  they  could  meet  the  performance  cri¬ 
teria.  A  number  of  problem  areas,  such  as  long¬ 
term  stability,  frequency  trimming,  and  vibration 
sensitivity,  have  been  under  investigation,  and  in 
many  cases  acceptable  performance  has  been  obtained. 
However,  it  still  remains  to  be  demonstrated  that 
all  of  these  desirable  improvements  can  be  obtained 
simultaneously  in  a  single  device. 

For  the  past  few  years  Raytheon  has  had  just 
such  a  development  program  on  300-600  MHz  devices 
aimed  at  several  potential  military  applications. 
Though  specific  applications  will  not  be  discussed , 
the  requirements  are,  in  general:  (1)  The  noise 
floor  must  be  at  least  -160  dBc/Hz  and  in  some 
cases  greater  than  -170  dBc/Hz;  (2)  Vibration  sen 
sitivity  should  be  at  least  as  good  as  that  of  AT 
cut  bulk-wave  devices:  (3)  The  oscillator  frequency 
must  be  set  in,  and  stay  in.  a  window  of  approxi¬ 
mately  ±  10  ppm.  In  some  cases,  a  warm-up  time  of 
less  than  3  minutes  may  be  required.  Significant 
progress  has  been  made  in  meeting  these  require 
ments  and  is  discussed  in  this  paper. 

Spectral  Purity 

Low  Noise  Floor 

The  performance  of  an  oscillator  using  a 
custom-designed  amplifier  will  be  discussed  to 
illustrate  the  low  noise  floor  obtainable  with  a  SAW 
oscillator  and  how  this  may  interact  with  other 
areas  of  frequency  stability.  Figure  1  shows  the 
oscillator  circuit.  The  heart  of  the  amplifier  is  a 
cascode  arrangement  of  two  HP  HXTR  5104  bipolar 
transistors  and  a  separate  limiter  stage.  The  two 
transistors  provide  14  dB  of  gain  with  an  output 
power  of  +20  dB .  One-tenth  of  this  power  is 
coupled  to  the  oscillator  output  through  a  direc¬ 
tional  coupler.  The  coupler,  phase  shifter,  and 
limiter  have  about  6  dB  loss  (including  3.0  dB  due 
to  limiting),  which  results  in  a  power  level  of  +14 
dBm  incident  on  a  two-port  310-MHz  resonator.  The 
resonator  has  8  dB  insertion  loss  (10  dB  in  a  50 
system),  a  loaded  Q  of  12.000,  and  dissipates  9  mW  . 
With  an  amplifier  noise  figure  of  approximately  4  dB  . 
this  results  in  a  noise  floor  on  the  order  of  -  17b  dBc, 

Hz.  Figure  2  shows  the  measured  RMS  FM  noise  in 
the  range  from  10  KHz  to  200  KHz.  The  solid  line 
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indicates  a  level  corresponding  to  -176  dBe/Hz, 
and  the  oscillator  FM  noise  is  clearly  below  this 
level  down  to  about  20  KHz  off  the  carrier. 


Fin  l  Circuit  dirttfraiv.  of  u  ,>10  Mil?  SAW  oscillator  which  produces 
a  noise  fltH>r  of  176  dHc'Hz.  1'nless  otherwise  stated.  a!l 
values  are  pf.  nil.  or 
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Fl*.  J  Measured  RMS  FM  noise  for  the  SAW  oscillator  in  Figure  1. 
Solid  line  showy  the  level  corresponding  to  176  dHc  Hz. 


The  key  to  achieving  this  low  noise  floor 
is  the  high  power  level  in  the  oscillator  loop. 
Caution  must  be  exercised  in  setting  this 
level,  however,  since  it  has  been  shown  that  high 
power  levels  can  lead  to  high  aging  rates  in  SAW 
resonators.  ^ To  minimize  the  stress  level  in 
the  SAW  device,  a  very  large  cavity  area  has  been 
used.  The  310  MHz  resonator  has  an  effective 
cavity  length  of  370  wavelengths  and  an  acoustic 
aperture  of  148  wavelengths^  This  results  in  a 
peak  stress  level  of  3.4  >  10'  N/m2,  which  is  safely 
below  the  high  aging  threshold  of  6  >  102  N/m2  for 
pure  aluminum  transducers.^  Further  lowering 
of  the  noise  floor  is  possible  through  the  use  of 
copper  doping^  ^  in  the  aluminum,  since  this  in¬ 
creases  the  high  aging  threshold  and  therefore 
permits  higher  power  levels.  Also,  a  device  with 
lower  insertion  loss  would  help  to  decrease  the  noise 
floor  even  further. 

Vibration  Sensitivity 

Catastrophic  failure  of  SAW  devices  under  vi¬ 
bration  has  not  been  a  problem,  but  the  effect  of 
vibration  on  spectral  purity  is  of  considerable 


importance.  In  severe  military  environments,  high 
vibration  levels  may  significantly  degrade  close-in 
noise  performance  of  low -noise  oscillators  by 
creating  sidebands  at  the  vibration  frequency.  The 
sensitivity  of  SAW  devices  to  vibration  has  been 
discussed  in  detail  elsewhere,  ( 2'  but  some  aspects 
relating  to  interaction  with  long-term  frequency 
stability  will  be  reviewed  here.  As  discussed  in 
reference  3,  ST-cut  SAW  devices  exhibit  a  vibra¬ 
tion  sensitivity  similar  to  that  of  AT-cut  bulk-wave 
devices  if  proper  mounting  techniques  are  used. 

One  technique  which  gives  a  vibration  sensitivity 
of  less  than  1  xlO-9  per  g  uses  double-sided  tape 
to  hold  the  SAW  substrate  against  the  SAW  package. 
This  technique  is,  however,  unsatisfactory  for  good 
long-term  frequency  stability  because  of  outgassing 
from  the  tape.  A  more  practical  approach  is  a 
four-point  support  which  uses  L- shaped  steel  clips 
and  polyimide  adhesive.  This  mounting  technique 
gives  a  vibration  sensitivity  in  the  low  1(T9  per  g 
range,  and.  as  is  shown  later  in  this  paper,  does 
not  cause  high  aging  rates. 

Figure  3  shows  some  recent  data  for  the  vibra¬ 
tion  sensitivity  of  an  entire  X-band  source.  This 
source  was  made  up  of  a  *24  multiplier  and  six 
delay  lines  in  the  400-MHz  range  mounted  with  the 
"L"  clip  and  polyimide  technique.  Each  of  the  six 
lines  could  be  switched  into  the  oscillator  loop  elec¬ 
tronically  to  provide  frequency  agility.  The  whole 
source  occupied  n  volume  of  only  24  cubic  inches. 
Relatively  large  SAW  substrates  resulted  in  some 
increase  in  vibration  sensitivity  of  the  SAW'  itself, 
but  vibration  isolation  at  the  board  and  module 
levels  counteracted  most  of  this.  For  a  5-g  RMS 
random  noise  level  (10  Hz  to  3  KHz),  a  23-dB  rise 
was  observed  at  1  KHz.  By  4  KHz,  all  evidence 
of  a  rise  had  disappeared. 


i’Hf-  <  SmifM*  sulehf»n»l  jdmso  noist  iwsm.iv.1  «»i:  .  -  ii„n;l 

when  suhjtvU'.l  to  *  random  \it>r«tion  ]<.•'>'*  of  r<  v:  *-  KMr 
Two  Wo!-,  of  shook  mounting  wore  usrnl. 


* 

See  acknowledgements. 


454 


Frequency  Settability 


Trimming 


gold  removed  by  the  ion  beam  redeposits  elsewhere 
on  the  substrate.  This  has  on  occasion  led  to 
cessation  of  oscillation. 


While  spectral  purity  has  been  an  important 
feature  which  has  resulted  in  some  applications  for 
SAW  oscillators,  many  more  potential  applications 
additionally  require  operation  in  a  very  narrow  fre¬ 
quency  range.  Since  the  pulling  range  of  resona¬ 
tors  is  limited,  and  in  some  cases  circuit  parameters 
limit  the  pulling  of  delay  lines,  the  SAW  devices 
must  be  fabricated  to  within  a  narrow  frequency 
range.  In  practice,  fabrication  variables  usually 
result  in  a  frequency  spread  of  ±  500  ppm,  though 
careful  process  control  can  result  in  a  much 
smaller  spread. (4)  An  alternative  technique  for 
obtaining  tighter  frequency  control  is  frequency 
trimming.  This  involves  adjusting  the  frequency  of 
the  devices  after  the  basic  fabrication  is  finished. 
Trimming  of  resonators  using  reactive  ion  etching 
has  been  discussed  in  the  literature^®' but  here 
we  will  discuss  results  obtained  by  controlling  the 
thickness  of  gold  pads. 

Figure  4  shows  the  basic  geometry  of  fre¬ 
quency  trimming  with  gold  pads.  For  either  a  de¬ 
lay  line  or  n  resonator,  a  gold  pad  is  placed 
between  the  input  and  output  transducers.  The 
surface  wave  propagates  at  a  slower  velocity  under 
the  gold  and.  hence,  lowers  the  frequency  of  the 
oscillator.  The  actual  trimming  can  be  accomplished 
by  controlling  the  pad  thickness  in  either  of  two 
ways.  One.  as  shown  in  Figure  4,  requires  that 
the  gold  pad  be  deposited  photolithographically 
first,  and  then  the  thickness  can  be  reduced  by 
ion-beam  etching.  The  etching  is  done  while  the 
SAW  device  is  operating  so  that  the  trimming  is 
accomplished  in  real  time.  The  alternative  tech¬ 
nique  is  to  deposit  the  gold  through  a  metal  mask 
onto  an  operating  device  and.  therefore,  adjust  the 
frequency  by  depositing  increasingly  thicker  pads. 
Roth  techniques  proceed  at  very  controllable  rates 
and  allow  the  frequency  to  be  adjusted  to  well 
within  1  KHz.  Typicyd  pad  dimensions  are  0.1  mm 
width  and  50  to  500  A  thickness. 


Though  SAW  oscillators  can  be  trimmed  to 
within  1  KHz  of  a  desired  frequency,  this  does  not 
mean  that  the  final  operating  frequency  will  be  this 
well  controlled.  After  trimming,  the  SAW  devices 
undergo  a  high-temperature  bake  and  sealing,  and 
significant  frequency  shifts  have  been  observed 
during  this  process.  Frequency  shifts  have  been 
measured  on  37  devices  (both  delay  lines  and  reso¬ 
nators)  for  both  eold-weld  sealing  in  high  vacuum 
and  resistance- weld  sealing  in  dry  nitrogen.  The 
results  of  these  measurements  are  summarized  in 
Table  I.  For  all  devices,  the  trimming  was  done  in 
a  vacuum  chamber  different  from  that  used  for 
sealing.  In  the  case  of  the  cold-weld  devices,  the 
trimming  and  sealing  equipment  was  in  the  same 
laboratory,  and  hence,  the  time  spent  in  transport¬ 
ing  from  one  system  to  the  other  was  minimal.  The 
resistance -weld  sealing,  however,  was  done  in  a 
different  facility ,  and  the  transportation  time  was 
on  the  order  of  hours.  Therefore,  the  vacuum 
bake-out  on  these  devices  was  performed  at  the 
facility  where  the  resistance  welding  equipment  was 
located. 

Table  I 


Frequency  Shifts  from  Bakeout  and  Sealing 

Packaging  Frequency 

Parameters  _Shj_ft  _  No.  of  Dern.es 


Cold  Weld  TO  8  in  High  Vacuum 


Baseline 
T  rimmed 

"L"  clips,  polyimide 


•  1 1  7  •  *17  ppm 

•  I  9S  •  $7  ppm 
*20-37  ppm 


Resistance  Weld  in  Nitrogen 
(all  trimmed  and  mounted  *ith 
"L"  dips  and  polyimide! 

TC  8  74  •  bS  ppm 

Flat  pack  6  3  -  12  ppm 


i  4  (  j  separate  packages' 


ION  BEAM 


GOLD  PHASE 


TANTALUM 


OUTPUT 

TRANSDUCER 


l  ■  i-.irti.tr>  *.f  fi-i-jii.-nt-v  trtmtmm;  with  cold  jouls. 


The  main  disadvantage  of  trimming  with  gold 
pads  is  that  the  gold  increases  the  acoustic  loss 
slightly.  For  delay  lines,  this  has  a  negligible 
effect,  but  for  resonators  it  causes  a  noticeable 
decrease  in  Q.  The  ion -beam  etching  technique 
has  a  further  disadvantage  in  that  some  of  the 


As  can  be  seen  in  Table  1.  the  frequency 
shifts  are  on  the  order  of  100  ppm  and  have  a  dif 
ferent  sign  for  cold  weld  and  resistance- weld  sea! 
ing.  The  devices  in  the  cold  weld  TO-S's.  which 
are  labeled  as  "baseline."  are  untrimmed  and 
mounted  with  gold  wire  straps.  The  "trimmed" 
devices  are  mountra  with  gold  wire  straps  and  were 
trimmed  with  eiti.e.-  ion-beam  etching  or  direct 
evaporation.  The  "L  clips,  polyimide  1  devices  were 
untrimmed  and  mounted  as  indicated .  All  resistance 
weld  devices  were  trimmed  (either  ion-beam  etching 
or  direct  evaporation)  and  mounted  with  "L”  clips 
and  polyimide. 

By  anticipating  the  observed  shifts,  the  initial 
frequency  trimming  can  be  done  either  high  or  low. 
depending  on  the  type  of  sealing  to  be  used.  This 
still  leaves,  however,  a  frequency  uncertainty  of 
approximately  i  50  ppm.  This  is  an  order  of  mag 
nitude  smaller  than  the  initial  fabrication  uncertainty 
but  it  means  that  some  sort  of  electronic  pulling  is 
still  required  to  reach  the  desired  range  of  ±  10  ppm 
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Elec tronlc  Pulling 


SAW  resonators  in  the  300  600  MHz  range 
typically  have  loaded  Q's  from  5000  to  15,000,  which 
makes  them  very  narrow  band  devices.  Frequency 
tuning  by  a  simple  phase  shift  network  may  only 
provide  a  range  of  about  i  20  ppm,  which  is  insuffi¬ 
cient  to  cover  the  frequency  uncertainty  after  seal¬ 
ing.  Thus,  a  technique  which  actually  pulls  the 
resonant  frequency  must  be  used.  Figure  5a  shows 
the  equivalent  circuit  for  a  two-port  SAW  resonator. 
By  tuning  out  C0  at  both  ports  with  inductors  Ls, 
series  elements  (C-p  or  LT)  can  be  added  to  tune 
the  resonant  frequency.  Figure  5b  shows  the  reso¬ 
nator  response  for  various  values  of  tuning  ele¬ 
ments.  The  data  shows  that  the  frequency  can  be 
pulled  over  a  range  of  about  60  KHz  ("c  200  ppm) 
with  not  more  than  1  dH  increase  in  insertion  loss 
and  little  decrease  in  Q.  This  is  more  than  enough 
range  to  correct  for  frequency  errors  after  sealing. 
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to  settle  into  the  desired  frequency  range.  This 
must  be  accomplished  even  if  the  oscillator  is 
initially  at  a  very  low  temperature  at  the  time  of 
turn-on.  To  evaluate  the  effect  of  rapid  warm  up 
on  the  frequency  stability  of  SAW  oscillators,  two 
experiments  were  performed.  The  first  involved 
heating  of  just  the  SAW  device,  while  the  electronics 
were  maintained  at  room  temperature.  The  results 
are  shown  in  Figure  6.  With  the  SAW  device  at 
-48°C,  the  heater  was  turned  on  with  18  watts  of 
power  at  T  =  0.  At  T  =  70  seconds,  the  heater 
power  was  decreased  to  9.6  W,  and  by  T  =  160  sec¬ 
onds,  the  SAW  device  had  reached  an  equilibrium 
temperature  of  80°C ,  which  was  the  turnover  point 
of  this  particular  device.  During  this  period  of 
160  seconds,  the  frequency  increased  by  430  ppm. 
The  inset  in  Figure  6  shows  the  frequency  drift 
from  T  =  3  minutes  to  T  =  90  minutes.  As  can  be 
clearly  seen ,  the  frequency  stayed  well  within 
i  1  ppm. 
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Kitf.  6  Frist  warm- up  when  only  >AW  device  is  heated. 


Delay  lines  for  SAW  oscillators  generally  have 
much  larger  handwidths  than  resonators  and  for  mo=* 
designs  it  is  possible  to  electronically  adjust  the  fre 
quency  over  a  large  enough  range  to  eliminate  the 
need  for  a  trimming  step.  However,  this  may  re¬ 
quire  more  than  300°  of  phase  shift,  which  at  300 
MHz  corresponds  to  about  20  inches  of  coax.  In 
some  cases,  circuit  constraints  may  make  it  imprac¬ 
tical  to  allow  for  such  a  large  phase  adjustment.  By 
trimming  the  SAW  device,  the  necessary  phase  shift 
can  be  reduced  to  about  20°. 


Frequency  Stability 

Warm-1  'p  Time 

Once  the  oscillator  frequency  has  been  set 
within  the  desired  frequency  window,  it  is  then  ne 
cossary  to  keep  it  there.  For  SAW  oscillators,  this 
requires  either  ovenizing  or  temperature  compensa 
lion.  The  latter  will  not  be  discussed  in  this  paper 
but  one  aspect  of  ovenizing  that  is  particularly  im 
portant  for  military  applications  will  be  addressed. 
This  is  the  question  of  fast  warm  up.  In  many 
military  situations  a  limited  amount  of  time  (approxi 
m.itoly  3  minutes)  may  he  available  for  an  oscillator 


Figure  7  shows  the  warm-up  characteristic., 
when  an  entire  oscillator  circuit  board  is  heated  by 
elements  located  directly  on  the  circuit  board.*  The 
data  shows  the  frequency  drift  from  T  =  3  minutes 
to  T  =  15  minutes  for  two  different  soak  temperatures. 
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In  both  cases,  the  drift  after  3  minutes  is  less 
than  i  1  ppm,  but  the  frequency  is  somewhat  dif¬ 
ferent  for  the  two  soak  temperatures.  This  differ¬ 
ence  is  probably  due  to  different  temperature 
gradients  across  the  circuit  board  for  the  two  soak 
temperatures.  Nevertheless,  the  frequency  for 
either  soak  temperature  is  well  within  the  ±  10  ppm 
window  that  is  required. 

Aging 


As  a  final  step  in  maintaining  a  ±  10  ppm  fre¬ 
quency  window  ,  good  long-term  frequency  stability 
of  SAW  oscillators  must  be  demonstrated.  To 
accomplish  this,  aging  studies  are  being  conducted 
on  devices  cold -weld -sealed  in  TO-8  packages!7'8) 
Data  is  presented  on  twenty-six  400-MHz  delay 
lines  which  were  all  subjected  to  a  300°C  bake-out 
and  then  sealed  in  high  vacuum.  Figure  8  shows 
some  typical  data  for  a  few  devices  mounted  with 
gold  wire  straps.  Drift  rates  range  from  well  under 
1  ppm  at  one  year  to  greater  than  2  ppm  at  one 
year.  Also,  the  scatter  seen  in  this  data  is  typical. 
Some  devices  show  week-to-week  fluctuations  of 
several  tenths  of  a  ppm,  which  occur  even  when 
temperature  control  is  sufficiently  tight  to  rule  out 
temperature-induced  frequency  fluctuations,  in 
addition,  some  devices  show  fluctuations  with 
periods  up  to  ten  or  twenty  weeks. 
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To  show  more  clearly  the  drift  rates  of  the 
entire  population  of  twenty  six  devices,  the  data  is 
presented  in  bar  graph  form  in  Figure  9.  Each 
block  represents  an  oscillator,  and  the  distribution 
is  shown  at  four  points  in  time:  12.  25,  50.  and 
100  weeks.  The  horizontal  scale  is  divided  into 
increments  of  0.5  ppm  in  the  range  from  7  to  +7 
ppm.  Obviously,  at  T  =  0  weeks,  all  the  devices 
are  located  at  0.0  ppm.  However,  by  12  weeks, 
the  population  begins  to  show  some  drift.  Most  de 
vices  drift  up  in  frequency  (to  the  right),  but 
some  also  drift  down.  At  25,  50,  and  100  weeks, 
the  number  of  oscillators  in  the  population  decreases 
because  not  all  oscillators  have  beet  operating  for 
that  length  of  time.  None  of  the  oscillators  has 
failed.  As  one  would  expect,  the  distribution  tends 
to  spread  with  time. 


Seventeen  of  the  twenty  six  oscillators  are  un 
trimmed  and  mounted  with  gold  wire  straps.  These 


devices  constitute  a  base  line  for  these  testB  and 
are  indicated  by  empty  boxes  in  Figure  9.  All 
devices  that  have  reached  100  weeks  are  baseline 
devices.  To  evaluate  the  effect  of  trimming  with 
gold  pads,  four  trimmed  devices  were  included 
in  the  test.  These  ar6  indicated  by  the  boxes 
marked  with  plusses  (+).  Also,  five  devices 
(untrimmed)  mounted  with  ”L"  clips  and  polyimide 
were  included.  These  are  indicated  by  boxes  with 
open  circles  (o).  At  this  point  in  the  tests, 
neither  of  these  variables  appears  to  result  in  a 
statistically  significant  deviation  from  the  general 
population. 
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soak'd  in  cold  weld  TO  *  pm'krtgos.  boxes  <:i.,rk-'d  ml‘. 
plusses  represent  devices  trimmed  with  pads.  p<>xi  % 
marked  with  open  circles  («>i  represent  devices  tii«*uMtd  w jt ; 

l.  flips  and  polyimide .  All  other  emptv  boxes  represent 
untrinmied  devices  mounted  with  pi|d  wire  straps 


In  terms  of  staying  within  the  required  l  10 
ppm  window,  the  results  of  these  tests  have  been 
very  encouraging.  At  50  weeks,  80  percent  of 
the  devices  are  still  within  2  ppm  of  their  start 
frequencies,  and  at  100  weeks  78  percent  are  within 
3  ppm.  Furthermore,  the  trimming  and  vibration 
resistant  mounting  techniques  which  are  needed  to 
meet  the  overall  requirements  do  not  appear  to  de 
gmde  the  long-term  stability  of  the  cold-weld 
sealed  devices. 
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12  WEEKS  25  WEEKS  50  WEEKS  IOOWEEKS 


Conclusions 


References 


The  requirements  presented  in  the  introduction 
of  this  paper  represent  a  large  number  of  typical 
military  applications.  When  SAW  oscillators  which 
meet  these  requirements  are  available  in  produc 
tion  quantities,  there  will  be  a  significant  increase 
in  the  number  of  applications  where  they  are  used. 
Our  program  to  develop  SAW  oscillators  has  made 
significant  progress  in  meeting  these  goals  and  re 
suits  are  very  encouraging.  However,  several 
tasks  still  need  to  be  performed.  A  very  important 
one  is  the  demonstration  of  low  aging  in  devices 
operating  in  a  non -laboratory  environment.  Also, 
further  improvement  in  device  settability  would  be 
very  useful.  A  reduction  in  frequency  shift  dur¬ 
ing  bake  out  and  sealing  would  greatly  increase 
the  accuracy  of  frequency  trimming  and  the  use  of 
reactive  ion  etching  for  trimming  resonators  may 
very  well  be  more  desirable  than  using  gold  pads, 
finally,  there  were  some  packaging  differences 
between  the  devices  used  for  the  aging  tests  and 
those  which  were  used  to  demonstrate  vibration 
sensitivity  and  fast  warm  up.  These  differences 
must  be  removed  before  it  can  be  conclusively 
demonstrated  that  all  of  the  above  requirements 
can  be  obtained  simultaneously  with  SAW  oscillators. 
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SUMMARY  this  reduces  the  maaa  loading  of  the  eurface 


In  recent  yeare,  Surface  Acouitlc  Have 
■onatore  have  been  developed  to  the  point  of 
being  uaeful  In  oaclllator  circuits  used  in 
the  VHP  and  UHF  ranges.  The  advantages  of 
operating  an  oscillator  at  final  frequency,  as 
opposed  to  using  a  low  frequency  bulk  crystal 
with  multiplier  circuits,  are  well  known.  If 
it  is  desired  to  cover  an  entire  band  with 
custom  frequency  sources,  a  multitude  of  masks 
(since  each  mask  produces  a  single  frequency 
resonator)  or  an  effective  tuning  procedure  is 
required.  To  minimise  the  number  of  masks 
required,  the  tuning  procedure  should  have  a 
wide  tuning  range  with  minimal  effect  on  the 
other  characteristics  of  the  device.  Reactive 
Ion  Etching  of  the  quartz  meets  these  cri¬ 
teria. 

Otllers1'2  have  reported  on  using 
this  technique  to  tune  resonators  with  buried 
or  surface  transducers  and  groove  reflectors. 
Our  devices  are  made  with  surface  aluminum 
transducers  and  reflectors.  Etching  in  a 
planar  reactor  using  a  CF^  and  Oj  plasma 
results  in  grooves  being  etched  in  the  quartz 
with  minimal  effect  on  the  aluminum  pattern 
which  acts  as  a  mask.  The  grooves  result  in  a 
lower  surface  wave  velocity  in  both  the  trans¬ 
ducer  and  reflector  arrays,  shifting  the 
frequency  downward.  This  simultaneous  shift 
in  velocities  allows  for  a  very  large  tuning 
range  before  device  degradation  becomes 
intolerable.  The  etching  affects  the  electri¬ 
cal  characteristics  of  the  device  as  well  as 
the  turnover  temperature.  The  effects  on  both 
these  device  characteristics  have  been 
investigated  for  resonators  in  the  VHF  band. 
Data  is  presented  on  resonators  operating  at 
194  MHz. 


INTRODUCTION 

Surface  Acoustic  Wave  resonators  have 
been  developed  to  the  point  of  being  useful  in 
oscillator  circuits  used  in  the  VHF  and  UHF 
ranges.  These  devices  are  made  in  batch  form 
using  standard  photolithographic  fabrication 
techniques.  Variations  of  up  to  +200  ppm  in 
center  frequency,  FQ,  are  observed  for 
devices  built  on  a  single  2  inch  square  wafer. 
The  center  frequency  of  these  devices  can  be 
trimmed  by  etching  the  aluminum  me+alizatlon; 


resulting  in  two  effects)  the  first  effect  is 
that  the  surface  wave  velocity  lncreaees 
causing  the  frequency  to  lncreaee.  The  eecond 
effect  is  an  increase  in  the  turnover  tempera¬ 
ture,  Tq. 

Because  of  the  large  excursion  of  fre¬ 
quency  over  the  temperature  range  of  interest, 
(113.4  ppm  from  -30  to  +85*C  for  36*  Y-rotated 
Quartz)  the  turnover  temperature  is  important. 
A  shift  in  T0  of  3*C  from  27.5*C  (center  of 
the  range)  will  result  in  an  additional  12.1 
ppm  excursion,  for  a  total  of  125.5  ppm,  (see 
figure  1.)  Temperature  compensating  a  113  ppm 
drift  is  difficult)  a  125  ppm  drift  only 
compounds  the  difficulty.  For  our  devices  we 
have  found  a  TQ  Sensitivity  to  metal  thick¬ 
ness  of  1*C/93A*  and  a  resonant  frequency, 
FQ,  sensitivity  of  1.76  ppm/A*.  To  raise 
the  FQ  Of  a  device  400  ppm  (the  lowest 
frequency  device  on  a  wafer)  requires  removing 
227A*  of  aluminum.  This  would  result  in  a 
Tc  shift  of  2.44'C;  barely  acceptable .  Thus 
a  very  narrow  range  of  frequencies  (60  kHz  at 
150  MHz,  80  kHz  at  200  MHz)  can  be  covered  by 
a  single  mask  and  wafer  angle  combination 
while  maintaining  Tc  at  27.5  +3’C.  If  it  is 
desired  to  cover  the  entire  VHF  range  of 
150-200  kHz,  715  masks  are  required.  Since 
high  resolution  masks  are  both  necessary  and 
expensive,  this  is  an  impractical  situation. 

Reactive  Ion  etching  of  the  quartz  has 
proved  to  be  a  better  solution.  Frequency 
shifts  of  330  ppm/degree  centigrade  change  in 
T0  have  been  observed.  This  is  better  than 
a  2  to  1  improvement  over  metal  removal . 
Under  the  conditions  used,  an  F0  shift  of 
-4200  ppm  was  obtained  after  5  minutes  of 
etching;  a  rate  of  14  ppm/ second.  The  process 
is  very  clean  since  it  is  carried  out  in  a 
high  vacuum  chamber  and  no  rinsing  or  cleaning 
afterwards  is  required.  It  is  also  possible 
to  monitor  the  frequency  directly  while  etch¬ 
ing,  although  this  was  not  done  in  this  exper¬ 
iment.  Since  the  process  takes  place  in 
vacuum,  the  devices  could  he  transfered  to  a 
sealing  chamber  through  a  load  lock  and  sealed 
immediately  after  tuning. 
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EXPERIMENTAL  P ROCEDURE 

The  devices  used  in  this  experiment  were 
fabricated  on  36*  Y-rotated  quartz  with  4300A" 
of  aluminum.  The  interdigital  transducer, 
IUT,  is  SO  X  wide  and  120  X  long,  and  the 

reflectors  contained  350  elements.  The  trans¬ 
ducer  is  apod i zed  to  reduce  transverse  modes. 
Split  fingers  -were  used  to  minimize  internal 
reflections  ir.  the  IDT.  To  etch  grooves  in 
the  surface  of  the  quartz,  a  planar  plasma 
sputtering  machine  was  used  in  the  reactive 
ion  etch  mode.  Figure  2  is  a  schematic 
illustration  of  the  reactor  setup.  The  system 
was  a  Perkin  Elmer  rapid  cycle  system  designed 
for  sputtering  applications.  The  glass  bell 
jar  was  replaced  with  a  stainless  steel  one 

and  a  cryo  pump  substituted  for  the  ion  pump. 
A  Leybolt-Heraeus  mechanical  pump  was  used  for 
roughing  down  the  system. 

Twelve  devices  were  loaded  into  a  slot 
running  diametrically  across  the  cathode.  The 
slot  was  required  to  allow  the  resonators  to 
lie  flat  while  mounted  to  HC-18  crystal 
holders.  The  chamber  was  roughed  to  10 

microns  or  less  and  the  poppet  valve  opened 

for  crossover  to  the  cryopump.  After  opening 
the  poppet  valve  completely  the  system 
pressure  was  reduced  to  5X10“^  tocr.  The 
poppet  valve  was  then  closed  and  then  reopened 
slightly  to  throttle  the  large  pumping  speed 
of  the  cryopump.  With  this  procedure,  a  flow 
of  16.8  seem  of  CF4  (78%)  and  4.8  seem  of 
02  (22%)  was  sufficient  to  maintain  system 

pressure  at  12  microns.  The  02  flow  con¬ 
troller  was  a  slave  to  the  CF4  flow  con¬ 
troller  to  assure  a  constant  gas  ratio.  The 
pressure  in  the  chamber  was  monitored  using  a 
baratron  gauge.  The  pressure  signal  was  fed 
to  the  CF4  flow  controller  which  adjusted 
the  flow  to  maintain  the  system  at  12  microns. 
The  devices  were  etched  in  30  second  incre¬ 
ments  at  50  watts  input  power  (0.274  watts/ 
cm2)  .  Figure  3  shows  the  effect  of  the 
etching  on  the  device  topography. 

Before  etching  and  after  each  30  second 
etch  period,  the  devices  were  characterized 
electrically  and  the  turnover  temperature  was 
determined.  The  devices  were  characterized 
electrically  by  using  an  HP9825  calculator 
driving  an  HP8660  synthesizer  phase  locked  to 
an  HP8505  network  analyser  to  obtain  reflec¬ 
tion  coefficient  and  phase  data.  Twenty  seven 
data  points  were  taken  +27  kHz  about  the 
resonant  frequency  and  14  points  were  taken 
from  50-700  MHz.  Figure  4  shows  a  Smith  chart 
plot  of  the  resonator  response  from  50-700 
MHz.  The  data  are  fit  to  the  model  shown  in 
figure  5  using  an  optimization  routine  to 
calculate  the  equivalent  circuit  parameters. 
The  reproducibility  of  measuring  and  determin¬ 
ing  »  L^,  C^,  and  CQ  is  better  than 

1%.  The  values  determined  for  the  parastic 
elements,  Lp  and  R_ ,  vary  quite  a  bit  mare 
due  to  changes  in  the  lead  length  and  contact 
resistance  in  the  test  fixture.  To  determine 
the  turnover  temperature,  the  devices  were 


placed  in  oscillators  in  a  temperature  chamber 
and  the  frequency  read  at  -2*C  increments  from 
50*C  to  4 *C.  Because  the  devices  were  not  in 
sealed  cans,  the  temperature  was  kept  above 
0*C  bo  avoid  condensation  or  frost  forming  on 
the  devices.  The  data  were  fit  to  a  parabola 
and  the  turnover  temperature,  TQ,  determined 
by  the  temperature  of  maximum  frequency. 
(Figure  1 .) 


EXPERIMENTAL  RESULTS 

Of  the  12  devices  etched,  one  device 
immediately  jumped  60%  in  1^,  value  after  the 
first  30  seconds  of  etching.  Since  this  did 
not  agree  with  the  behavior  of  the  other 
devices,  the  data  for  this  device  were  exclud¬ 
ed  from  the  analysis.  All  results  presented 
are  the  average  for  the  remaining  11  devices. 
Figure  6  shows  the  frequency  variation  with 
etch  time.  The  frequency  shifts  were  normal¬ 
ized  by  calculating  in  ppm.  Presenting  the 
data  in  terms  of  percentage  change  from  the 
original  values  effectively  normalizes  the 
data,  eliminating  fabrication  variations  and 
allows  for  direct  comparison  of  the  devices. 

Figure  7  presents  the  change  in  CQ  as  a 
function  of  frequency  shift.  Since  frequency 
shift  is  a  linear  function  of  etch  time,  as 
shown  in  figure  6,  the  abscissa  is  essentially 
etch  time.  The  value  of  Cq  was  reduced  by 
9.3%,  from  4.37  pF  to  3.96  pF.  The  changes  in 
the  resonant  arm  parameters,  R^,  L^  and 
Cm,  are  shown  in  figures  8,  9  and  10, 

respectively.  Rm  increased  58%  from  19.6  <7 
to  31  ft  .  1^  increased  25%  from  353  micro- 

Henries  to  441  microHenries.  C^,  calculated 
from  the  measured  values  of  1^  and  FQ, 
decreased  19%  from  1  .93  mpF  to  1  .56  mpF.  The 
Q  was  adversely  affected  as  shown  in  figure 
11.  A  reduction  of  21%,  from  22,000  to 

17,400  ,  was  observed.  The  Cg/C^  ratio 
increased  linearly  from  2270  to  2550,  as 
displayed  in  figure  12;  a  12%  increase. 
Figure  1 3  shows  that  TQ  was  reduced  1 1  ‘C 
after  a  frequency  shift  of  4200  ppm. 


DISCUSSION  OF  RESULTS 

As  shown  in  figure  6  the  frequency  shift  was 
linear  with  etch  time.  If  we  consider  the 
bottom  of  the  grooves  as  a  new  surface,  the 
etching  makes  the  device  pattern  effectively 
thicker;  this  increases  the  effective  mass 
loading,  lowering  the  surface  wave  velocity 
and  the  frequency.  The  total  step  height 
increased  2200A*  from  the  original  4300A* 
aluminum  thickness.  This  increase  was  a 
result  of  a  1600A*  groove  in  the  quartz  and  a 
600A*  increase  in  the  finger  thickness.  This 
increase  in  finger  thickness  was  due  to  O* 
ions  reacting  with  the  aluminum  which  was 
biased  several  hundred  volts  negative.  (The 
leads  of  the  crystal  bases  actually  touch  the 
cathode  during  etching.)  Since  the  density  of 
quartz  and  aluminum  are  almost  identical,  the 
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quartz  step  of  160QA*  should  cause  a  frequency 
shift  of  2816  ppm  and  the  600A*  A1203 
layer  with  a  density  of  3.5g/cm-*  should 

cause  a  1  369  ppm  shift  for  a  total  of  418  5 
ppm*  virtually  the  4178  ppm  actually  ob¬ 
served  . 

As  seen  in  figure  7,  the  static  capaci¬ 
tance  of  the  IDT  was  reduced.  CQ  was 

expected  to  decrease  since  the  quartz  between 
the  fingers,  with  a  dielectric  constant  of 
4.52,  is  being  replaced  by  air,  with  a  di¬ 

electric  constant  of  1  .00.  Eventually  further 
removal  of  quartz  will  cause  no  further  change 
in  CQ  since  the  bottom  of  the  groove  will  be 
outside  the  region  of  the  concentration  of  the 
electric  field.  The  data  v«re  curve  fit  to  a 
parabola  since  this  is  the  expected  shape  of 
the  curve  and  provided  a  good  fit  to  the 

data . 

The  motional  resistance,  Rj^ ,  of  the 
devices  increased  dramatically  as  evidenced  in 
figure  8.  is  defined  in  table  I4, 

where  R^  is  the  radiation  resistance  of  the 
IDT  and  |T|  is  the  overall  reflection  coefi- 
cient  of  the  gratings.  Rq  is  also  defined 
in  table  1  ,  where  k  is  the  electromechanical 
coupling  constant,  FQ  is  the  resonant 
frequency  of  the  device,  Neff  is  the  effective 
number  of  fingers  in  the  apodized  IDT  and  Cg 
is  the  capacitance 'per  finger  pair.  RQ  was 
measured  on  devices  not  etched,  but  adjacent 
to  the  devices  used  on  the  same  wafer.  RQ 
was  measured  by  covering  the  reflectors  with 
an  acoustic  absorber,  negating  the  reflection 
properties  of  the  gratings.  (This  effectively 
ruins  the  device,  so  devices  other  than  those 
actually  etched  had  to  be  used.)  The  average 
RQ  measured  was  1175fl  compared  to  a  calcu¬ 
lated  value  of  1200 using  k2  a  0.0016. 
RQ  measured  on  devices  etched  5  minutes 
averaged  1625  fl  .  using  the  measured  PQ  and 
C  values,  this  indicated  a  reduction  in 
k^  to  0.00131.  Therefore,  k  was  reduced 
from  0.04  to  0.0362,  a  9.50%  reduction, 
virtually  matching  the  9.32%  reduction  in 
CQ.  This  is  not  coincidental  since  both  are 
electric  field  phenomena  related  to  how  the 
electric  field  lines  permeate  the  air-dielec¬ 
tric  combination.  Assuming  the  reduction  in  k 
follows  the  reduction  in  CQ,  new  k  values 
were  calculated  using  the  curve  fit  to  the 
CQ  data. 

Knowing  R^  and  Rp  at  the  end  points, 
(Pi  can  be  calculated  at  these  points.  The 
initial  value  was  0.968  and  the  value  after 
etching  was  0.962.  This  decrease  in  |r|  was 
unexpected  because  the  step  height  is  increas¬ 
ing,  thereby  increasing  the  impedance  discon¬ 
tinuity.  This  should  result  in  a  larger 
reflection  coefficient.^  This  was  not 
observed  because  the  resonance  of  the  cavity 
is  skewed  from  the  center  of  the  reflection 
stopband,  resulting  in  a  lower  |r|  than  ex¬ 
pected.  As  the  devices  were  tuned  they  became 
even  more  skewed  because  the  resonance  of  the 
cavity  was  shifted  more  than  the  reflector 


stopband.  This  results  in  a  lower  |r|  .  Away 
from  the  center  frequency  of  the  reflector 
stopband,  the  curve  has  a  sin  NX/sinx  type 
shape, *  but  the  exact  shape  of  the  curve  and 
the  location  on  the  curve  is  not  known.  The 
shape  of  the  curve  is  critical  since  1  — )  r  j  /1  + 
|r|  is  a  rapidly  varying  function  of  |r|  . 
Assuming  a  linear  approximation  for  the  change 
in  |  r |  gave  a  poor  fit  even  though  going  from 
a  value  of  0.968  to  0.962  is  less  than  a  1% 
change.  Making  the  reduction  in  |r|  a  second 
order  function  (proportional  to  etch  time 
squared)  and  using  the  calculated  k  values  and 
measured  F0  and  CQ  values,  new  values 

were  calculated.  This  theoretical  curve  is 
shown  in  figure  8  and  provides  a  good  fit. 

The  change  in  is  shown  in  figure  9. 
The  data  fall  on  a  straight  line.  Table  1 
shows  that  1^  is  determined  by  Rq,  |  p  I  , 
FQ  and  m,  the  number  of  halfwave  lengths  be¬ 
tween  reflection  centers.  Since  Rq  and  |f| 
have  been  calculated  and  F0  measured,  a  set 
of  m  values  was  calculated  from  the  line  fit 
to  the  1^  data.  The  value  of  m  drops  quick¬ 
ly  from  455.6  and  levels  out  to  a  value  of 
423.8.  The  value  of  m  is  expected  to  decrease 
in  this  manner4  since  the  impedance  discon¬ 
tinuity  is  increasing  with  increased  step 
height. 

The  linear  change  in  C^,  shown  in  figure 
10  inversely  follows  the  L^,  change  since 
Cm  was  calculated  in  the  optimization  pro¬ 
gram  using  the  determined  and  FQ 

values. 

The  quality  factor  of  the  resonators,  Q, 
decreased  due  to  the  etching  as  shown  in 
figure  11.  The  Q,  defined  in  table  1,  depends 
on  Rjfl  and  L,^.  Since  1^,  increases  faster 
than  i^,  a  decrease  in  Q  results,  as  shown 
(The  data  were  fit  to  a  straight  line  since 
higher  order  curves  provided  no  improvement  in 
the  fit.)  Q  is  also  defined  in  terms  of  m  and 
Irl  •  Since  both  quantities  decreased  and  both 
appear  in  the  numerator,  the  0  followed 
accordingly.  |p|  also  appears  in  the  denarci- 
mator  and  the  reduction  in  |p|  caused  the 
denominator  to  increase,  also  lowering  the  Q. 
Using  the  values  for  m  and  |P|  calculated  from 
the  measured  values  of  Rg  t  Rp,  and  at 

the  end  points,  resulted  in  values  of  22,000 
and  17,180  compared  to  the  measured  values  of 
21  ,980  and  17,400.  This  is  quite  good  an 
agreement.  Using  the  remaining  theoretically 
calculated  m  and  |p|  values,  Q  was  calculated 
for  the  rest  of  the  points  between  and  appears 
as  the  theoretical  curve  in  figure  1 1 . 

The  Co/^  ratio  is  important  in 
oscillator  applications.  As  shown  in  figure 
12,  it  follows  a  linear  increase.  As  seen  in 
table  1  ,  C^>/Cm  depends  on  |  p  |  ,  m  and  k. 
Using  the  theoretically  calculated  values  for 
these  parameters,  Cq/  was  calculated  for 
the  range  investigated.  As  can  be  seen  in 
figure  12  the  two  curves  virtually  overlap. 
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The  turnover  temperature  is  expected  to 
be  reduced  due  to  the  apparent  increase  in 
mass  loading  resulting  from  the  grooves  being 
etched  into  the  surface.  As  discussed  under 
the  change  in  frequency,  the  total  step  height 
increased  2200A8 .  Using  the  previously 
mentioned  sensitivity  in  turnover  temperature 
of  1"C/'93A8,  the  2200A*  increase  should  result 
in  a  T0  reduction  of  23.78C.  The  observed 
value  was  approximately  11°C.  Assuming  a 
linear  change  in  TQ  versus  the  step  height 
increase,  the  data  were  fit  to  a  straight  line 
in  figure  13.  The  combination  of  aluminum 
oxide,  aluminum  and  quartz  for  the  steps  is 
quite  a  bit  better  with  respect  to  temperature 
characteristics  than  pure  aluminum.  The 
reason  for  this  behavior  is  an  anomaly. 


CONCLUSIONS 

As  opuosed  to  other  reported  techniques, 
Reactive  Ion  Etch  Tuning  has  been  shown  to  be 
an  improved  method  for  tuning  Quartz  SAW 
Resonators.  The  large  tuning  range  and  the 

lower  shift  in  T0  are  its  maior  benefits. 
The  drawback  of  the  technique  is  the  large 
increase  in  ^  and  the  limit  of  the 

process  is  defined  by  the  maximum  permissible 
change  in  these  parameters. 

The  assumptions  that  the  change  in  the 

electromechanical  coupling  constant,  k, 
follows  the  change  in  CD  exactly  and  that 
the  reduction  in  ||'|  over  the  range  investi¬ 

gated  is  parabolic  were  both  proved  to  be 
correct  by  the  good  to  excellent  agreement 
between  the  theoretical  curves  and  the  data 
curves . 
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Figure  1.  Frequency  Shift  vs.  Temperature  for  36  Deg  V  Cut 
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F  igure  3.  Device  T  opography 


Figure  4.  Smith  Chart  Plot  of  Resonator  Response 
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I  Ri.i'lU.NCY  l:  I N H  TUNING  OF  REl.IAREE  SAW  TRANSIHIl'IIRS 
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SUMMARY 

The  reliability  of  SAW  transducers  is 
greatly  improved  by  anodization  process 
obtained  with  Oxygen  plasma.  The  corro¬ 
sive  protect  ion  against  acid  etchant  im¬ 
proved  up  to  an  order  of  magnitude  has 
been  achieved. 

I  he  frequency  fine  tuning  of  an  ano¬ 
dized  resonator  and  phase  versus  frequency 
of  an  anodized  delay  line  will  be  pre¬ 
sented  . 

lntroduct ion 

'Nr,‘ 

i he  anodization  process  used  to  fine 
tune  bulk  resonator  and  filters  has  been 
reported  by  different  authoris  (1-5).  In 
this  study  the  use  of  RF  oxygen  plasma  has 
proved  to  be  very  effective  in  the  fine 
tuning  of  narrow  band  SAW  devices  and  in¬ 
creased  resistance  from  corrosion  caused 
'\v  chemical  reactions.  Aging  characteris¬ 
tics  are  improved  due  to  the  protection  of 
the  anodized  Inver  which  is  formed  on  an 


Numerous  SAW  devices  were  anodized  for 
different  time  intervals  after  which  they 
were  put  in  an  A1  (acid)  etch  that  con¬ 
sists  of  10  ml  of  Nitric  acid,  180  ml 
Phosphoric  acid  and  10  ml  Ui -!I;P.  They 
were  timed  while  they  were  etched  and  then 
plotted  on  a  graph  (sec  Fig.  2).  The  etch 
time  in  this  figure  is  defined  as  the  time 
needed  to  etch -off  the  thin  A1  film  tran¬ 
sistor  (bOO  A|  after  the  corresponding 
anodization  time.  The  same  test  was  per¬ 
formed  with  an  Alkaline  etch  which  con¬ 
sisted  of  10  gm.  of  Potassium  ferr i cyan ide, 
10  gm.  of  Potassium  hydroxide  and  loco  cc 
of  I'i  H’O.  The  results  are  plotted  on  the 
graph  of  Figure  5.  The  etch  time  i n  - 
creased  consistently  with  increased  anodi¬ 
zation  time,  which  shows  protection 
against  corrosion  in  both  acid  and  alkaline 
environments  has  not  been  reached  after 
hours  of  anodization  under  the  described 
parameteis  of  paragraph  2.3.  I  he  experi¬ 
mental  results  demonstrated  that  over 
fifty  times  improvement  was  obtained  in 
the  protection  against  acid  corrosion 
after  34  hours  of  the  anodization  process. 


aluminum  transducer  when  the  RF  oxygen 
plasma  combines  with  it  and  forms  a  layer 
of  aluminum  oxide.  Experiments  were  con¬ 
ducted  by  controlling  the  operation  para¬ 
meters  of  the  RF  oxygen  plasma,  including 
various  anodization  duration,  with  a  given 
oxygen  gas  pressure  and  RF  power. 

1  he  relative  anodization  thickness  was 
determined  by  measuring  corrosion  resis- 
t  ”■  i  tv  change  on  thin  film  aluminum.  Accu¬ 
mulated  data  proved  to  he  predictable  in 
our  results. 

Co r r o s  i on  F’_ro t  cc  t  ion 

Recent  experiments  indicate  that  oxy¬ 
gen  plasma  anodization  of  a  thin  film 
aluminum  pattern  provides  additional  cor- 
i os i on  protection  against  chemical  etchants. 
I  mure  1  shows  the  result  of  placing  two 
ulumimna  transducer  patterns  in  an  acid 
etchant.  I  he  aluminum  pattern  on  the  left 
was  not  anodized,  whereas  the  pattern  on 
the  right  was  anodized  prior  to  the  etch¬ 
ing  process.  The  results  indicate  the 
erosive  protection  of  the  oxygen  plasma 
.iiw.ii.'at  ini  process  for  aluminum  patterns. 


Anodization  is  applicable  to  all  thin 
film  A1  devices  such  as  integrated  cir¬ 
cuits  and  other  semiconductor  devices.  A 
test  was  conducted  with  an  IC  chip  half 
covered  with  A3  1350B  photoresist  and 
anodized  for  2'j  hours  in  .30  minute  rota¬ 
tions.  After  every  rotation  the  photo¬ 
resist  was  taken  off  with  acetone  and  a 
new  coat  was  applied  to  prevent  the  resist 
from  being  baked  on.  After  the  anodization 
was  completed,  half  of  the  chip  was  ano¬ 
dized  and  the  other  half  that  had  the 
resist  was  not  anodized.  This  provided  a 
side  by  side  comparison.  The  chip  was 
then  placed  in  an  acid  environment  for  S 
min.  (sec  Fig.  41.  The  experiments  indi¬ 
cate  the  additional  protection  from  the 
anodization  process  particularly  with 
respect  to  the  aluminum  bonding  wires. 


Performance 


of  SAW  Peyjccs 
or  Anodization 


The  effect  ot  aluminum  oxide  for-  mg 
on  the  aluminum  transducers  creates  an 
added  weight  to  the  transducer.  Ibis 
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oxidation  process  causes  a  mass  loading 
effect  on  the  crystal  substrate  which  in 
turn  changes  the  velocity  of  that  crystal. 
Therefore,  by  the  equation  V  =  fX,  where 
X  is  a  constant,  it  is  possible  to  directly 
change  the  frequency  of  the  SAW  device  by 
changing  the  velocity  of  the  crystal  sub¬ 
strate.  1'his  is  beneficial  in  the  fine 
tuning  of  SAW  devices  since  fine  tuning 
has  to  take  place  after  device  fabrication. 

Figure  5  shows  the  passband  of  a 
resonator  before  and  after  110  minutes  of 
anod i cat i on .  The  process  parameters  are 
described  in  Figure  6.  The  shape  of  the 
passband  shows  no  apparent  change;  the 
center  frequency  of  passband  is  shifted  by 
540  PPM  as  a  result  of  the  mass  loading  of 
the  mass  loading  effect,  which  provides  an 
excellent  process  for  frequency  fine 
tuning . 

Phase -vs -Frequency 

An  experiment  was  conducted  using  a 
stable  frequency  source,  a  vector  volt¬ 
meter  and  a  frequency  counter  for  deter¬ 
mining  the  phase-vs- frequency  relation. 
Figure  6  shows  a  graph  of  this  relation 
plotted  for  a  SAW  device.  The  device  was 
then  anodized  for  a  period  of  19  hours 
with  the  Tcgal  Plasmaline  (Model  No.  200) 
at  ISO  watts  RF,  and  1  torr  of  oxygen 
pressure.  Another  plot  of  phase-vs- fre¬ 
quency  was  taken;  the  results  are  also 
shown  in  Figure  b.  The  linear  relation 
of  the  plots  indicate  no  significant  dis¬ 
persion  change  caused  by  the  anodization 
process;  therefore,  the  desired  perfor¬ 
mance  of  the  device  was  maintaii  ,-il. 

Frequency  Fine  Tuning  of  SAW  Resonators 

Fine  tuning  of  narrow  band  SAW  devices 
has  been  a  success.  The  anodization  of 
aluminum  transducers  causes  a  mass  loading 
effect  and  leads  to  a  decrease  in  the  cen¬ 
ter  frequency  of  a  SAW  device.  Four 
resonators  were  used  for  this  test;  the 
device  that  had  the  lowest  frequency  was 
the  reference  (195.962).  The  other  three 
devices  were  anodized  for  various  time  in¬ 
tervals  according  to  their  frequencies. 

All  devices  ended  up  within  2ppm  of  the 
reference.  (The  results  are  shown  in 
Table  1.)  The  test  equipment  was  checked 
periodically  by  taking  a  non-anodized 
resonator  and  checking  the  frequency  every 
time  the  frequency  of  the  anodized  reson¬ 
ator  was  measured. 

Aging  of  Anodized  SAW  Devices 

The  anodized  SAW  devices  have  demon¬ 
strated  superior  frequency  stability  com¬ 
pared  to  the  unanodized  devices.  The 
accelerated  life  test  equivalent  to  a  five 
years'  test  time  has  shown  a  total  change 
of  less  than  t2ppm  in  center  frequency  for 


the  anodized  SAW  frequency  source,  versus 
a  ~200ppm  shift  of  the  non-anodized  device. 

Cone  1 usi on 

The  use  of  RF  oxygen  plasma  has 
proved  to  be  very  beneficial  in  the  cor¬ 
rosive  protection  of  aluminum  transducers 
on  SAW  devices  due  to  the  protective  layer 
of  aluminum  oxide  on  the  exposed  aluminum. 
The  non-anodized  crystal  etched  off  in  1 
min.  50  sec.  in  comparison  to  96  min.  etch 
time  in  A1  etch  after  34  hours  of  anodiza¬ 
tion  which  provides  a  50  times  improvement. 
Fine  tuning  of  SAW  resonators  up  to  300- 
4C0  ppm  has  been  demonstrated.  Four  reson¬ 
ators  used  for  the  fine  tuning  experiment 
were  fine  tuned  from  124  ppm  to  within 
2  ppm  of  each  other,  which  improved  the 
accuracy  tolerance  by  60  times.  These 

SAW  devices  were  anodized  under  the  same 
conditions  as  the  corrosion  test.  The 
anodized  resonators  also  have  good  aging 
characteristics.  After  an  accelerated 
life  test,  equivalent  to  5  years'  aging, 
the  resonators  and  the  unanodized  SAW's 
center  frequency  changed  as  much  as  200 
ppm  but  the  anodized  SAW  changed  less  than 
2  ppm.  The  results  indicate  that  anodized 
SAW  resonators  are  much  more  stable  and 
reliable  than  the  un-anodized  SAW  devices; 
better  than  100  fold  improvement  was  dem¬ 
onstrated  in  the  experiment. 
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Figure  1.  Corrosive  Protection  of  Anodized  Transducers 
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Figure  2.  Time  Required  to  Etch  off  AT  Transducer  with 
Typical  Acid  Etchant  After  Anodization  Process 
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Figure  3.  Time  Required  to  Etch  off  A 1  Transducer  with 
Alkaline  Etchant  after  Anodization  Process 
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Figure  5.  Frequency  Response  of  a  Resonator  Before  and 
After  Anodization 
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Figure  6.  Linear  Phase  Versus  Freqency  of  a  SAW  Device 
Before  and  After  Anodization 


Table  1 

Frequency  Fine  Tuning  of  SAW  Resonators  by 
Anodization  Process 


FREQUENCY  FINE  TUNING 


DEVICE  NUMBER 

1 

H 

M 

IV 

CENTER  FREO 

BEFORE  AMOOIZATION 

IBS.  M2 

its.ttt 

its.  tit 

1tS.M2 

<MH«| 

(A  *  103  PPM) 
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(A  *  124  PPM) 

(A  s  *2  PPM) 

CENTER  FREO 
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1MM2 

113.  M2 

1t3. M2 

1t3.M2 

DEVIATION  FROM 

TARGET 

(PPM) 
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\  Abstract 

v.  »  ————— 

A  thin  film  hybrid  temperature 
compensated  crystal  oscillator  has  been 
developed  which  utilizes  digital  com¬ 
pensation  techniques  to  maintain  a 
stable  output  frequency  with  respect  to 
changes  in  temperature.  The  digitally 
compensated  crystal  oscillator  (DCXO) 
described  has  been  designed  to  be  com¬ 
patible  with  automated  manufacturing 
techniques  in  large  volume  production, 
a  problem  with  conventional  compensated 
oscillator  designs.  A  look-up  table, 
where  each  temperature  increment  corre¬ 
sponds  to  a  particular  compensation 
value,  is  maintained  in  an  electrically 
erasable  read  only  memory  (EEPROM) 

This  memory,  together  with  an  on-board 
I/O  port,  allows  programming  and  re¬ 
programming  after  the  oscillator  has 
been  sealed.  Thus,  software  can  com¬ 
pensate  for  any  subsequent  changes  in 
the  frequency  of  the  oscillator.  Also, 
the  I/O  port  and  EEPROM  memory  permit 
automation  of  the  programming  and  test¬ 
ing  for  multiple  units  simultaneously. 

Introduction 

As  the  sophistication  of  radio  com¬ 
munications  and  radar  systems  increases, 
high  stability  oscillators  will,  of  ne¬ 
cessity,  be  designed  into  lower  levels 
of  hardware.  This  trend  creates  the  de¬ 
mand  that  oscillator  performance  be  im¬ 
proved  while  package  volume  is  reduced. 
More  importantly,  a  greater  number  of 
oscillators  will  be  required  at  a  lower 
cost.  To  meet  these  requirements,  ex¬ 
tensive  use  must  be  made  of  automated 
manufacturing  and  testing  capabilities 
which  exist  in  the  hybrid  microcircuit 
industry.  For  this  reason,  the  Digital¬ 
ly  Compensated  Hybrid  Crystal  Oscillator 
(DCXO)  was  developed.  The  DCXO  is  de¬ 
signed  to  provide  precision  frequency 
control  over  a  broad  temperature  range 
in  a  small,  rugged  package  suitable  for 
use  in  such  systems  as  man-pack  radios 
and  other  applications  where  size  is 
critical.  Notable  features  include  the 


absence  of  mechanical  adjustments  and  the 
ability  to  be  electrically  reprogrammed 
to  synchronize  multiple  units  or  to  cor¬ 
rect  errors  due  to  aging  of  components 
affecting  both  the  nominal  frequency  and 
the  temperature  compensation.  These  fea¬ 
tures  have  been  achieved  through  the  com¬ 
plete  elimination  of  the  traditional  ther¬ 
mistor/resistor  network,  commonly  used  in 
Temperature  Compensated  Crystal  Oscilla¬ 
tors  (TCXO's),  and  its  replacement  with  a 
digitally  synthesized  bias  voltage  for  the 
varactor  1 .  A  significant  advantage  of 
this  approach  is  the  ability  to  fully  auto¬ 
mate  the  compensation  and  test  portions  of 
the  manufacturing  process,  ultimately  de¬ 
creasing  costs  and  increasing  throughput 
capability. 

Basic  Concepts 

A  traditional  TCXO  maintains  a  con¬ 
stant  output  frequency  by  changing  the  re¬ 
actance  of  the  oscillator  loop  to  offset 
variations  in  the  crystal  frequency  due  to 
temperature  changes.  This  is  accomplished 
using  a  varactor  diode,  biased  with  a  net¬ 
work  of  thermistors  and  resistors,  such 
that  the  crystal  frequency  variations  with 
temperature  are  exactly  cancelled  by  the 
changes  in  the  oscillator  loop  capacitance 
due  to  the  varactor  diode.  The  difficulty 
with  this  approach  is  the  realization  of 
the  voltage/temperature  response  required 
of  the  bias  network  which  typically  re¬ 
sembles  Figure  1.  This  problem  is  further 
complicated  by  the  fact  that  each  crystal 
is  unique  and  may  exhibit  one  or  more  local 
perturbations  about  the  expected  response. 
The  DCXO  approach  eliminates  these  problems 
through  the  use  of  software,  rather  than 
individually  tailored  hardware,  to  provide 
the  appropriate  bias  for  the  varactor 
diode.  A  block  diagram  of  a  DCXO  is  shown 
in  Figure  2.  During  each  clock  cycle,  the 
voltage  across  the  single  thermistor  is 
digitized  by  the  analog  to  digital  convert¬ 
er  (ADC).  This  provides  a  word  whose  mag¬ 
nitude  is  proportional  to  the  temperature 
of  the  oscillator.  This  value  is  used  to 
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address  the  programmable  CMOS  memory. 

The  data  from  the  addressed  memory  loca¬ 
tion  is  input  to  a  digital  to  analog  con¬ 
verter  (DAC) ,  which  generates  the  var¬ 
actor  bias  voltage.  The  benefit  of  this 
scheme  is  that  any  shape  response  can  be 
realized  with  equal  ease,  limited  only 
by  the  resolution  of  the  ADC  and  DAC. 
Localized  slope  reversals  and  peaks  re¬ 
quired  to  compensate  some  crystals  can 
be  created  without  additional  components 
or  increases  in  circuit  complexity  re¬ 
quired  by  a  TCXO. 

Since  all  of  the  peculiarities  of 
the  compensation  requirements  can  be 
realized  by  merely  storing  them  in  the 
memory,  it  is  no  longer  necessary  to 
use  select  value  components.  Addition¬ 
ally,  the  components  used  do  not  need  to 
be  particularly  linear,  even  in  the  case 
of  the  ADC  and  DAC.  As  long  as  the  non- 
linearities  do  not  degrade  the  resolu¬ 
tion,  and  the  ADC  is  monotonic,  the  soft¬ 
ware  can  make  appropriate  compensations. 

As  a  result,  less  costly  components  may 
be  used  without  adverse  effects. 

A  fundamental  difference  between 
the  DCXO  and  the  TCXO  is  the  discontinu¬ 
ous  transition  from  one  frequency  to 
another  when  the  digital  compensation 
changes  value.  This  is  to  be  contrasted 
with  the  slowly  varying  (with  respect  to 
temperature) ,  continuous  frequency  vari¬ 
ation  of  a  TCXO,  These  rapid  frequency 
shifts  in  the  DCXO,  although  very  samll 
in  magnitude,  appear  as  noise  on  the  os¬ 
cillator  output.  The  frequency  of  the 
system  clock  controls  the  rate  at  which 
the  DCXO  updates  the  compensation  infor¬ 
mation,  and  thus  the  frequency  at  which 
these  frequency  transitions  occur.  Al¬ 
though  there  are  components  available 
which  would  allow  the  system  to  operate 
at  speeds  of  hundreds  of  kilohertz,  the 
system  performance  is  improved  by  updat¬ 
ing  the  compensation  only  as  fast  as  is 
required  to  resolve  the  greatest  ther¬ 
mal  transient  that  is  contemplated  in 
the  applicable  oscillator  specificaton. 
Slowing  the  clock  down  tends  to  avoid 
limit  cycle  types  of  oscillation  in  the 
compensation.  Additionally,  a  low  clock 
frequency  allows  the  low  pass  filter  on 
the  DAC  output  to  more  effectively  limit 
the  output  noise  induced  by  the  compen¬ 
sation. 

The  DCXO  uses  a  single  temperature 
sensor,  a  thermistor,  to  determine  the 
compensation;  a  TCXO  can  have  three  to 
five  temperature  sensitive  elements.  To 
Che  extent  that  thermal  gradients  exist 
within  the  oscillator  package,  the  DCXO 
is  less  susceptible  to  compensation  errors 
caused  by  the  sensor(s)  being  at  different 


temperatures  than  the  crystal  or  from  each 
other.  This  is  particularly  significant  to 
the  performance  during  a  thermal  transient. 
Since  the  quartz  crystal,  in  its  evaculated 
package,  and  the  thermistors  have  differ¬ 
ing  thermal  masses,  a  finite  time  will  be 
required  for  them  to  reach  the  same  temper¬ 
ature  after  a  change  in  ambient  temperature. 
In  the  case  of  a  continuously  varying  tem¬ 
perature,  the  thermistor (s)  may  develop  a 
temperature  offset  from  the  crystal  that 
depends  to  some  extent  upon  the  rate  of 
change  of  temperature.  This  offset  will 
result  in  a  compensation  error  and  thus  a 
frequency  error.  By  using  only  one  ther¬ 
mistor  in  the  DCXO,  and  placing  it  in  close 
proximity  to  the  crystal  package,  the  prob¬ 
lem  is  minimized.  Ideally,  the  thermis¬ 
tor  should  be  mounted  within  the  crystal 
package  itself ;  this  was  tried  with  a  DCXO 
prototype  in  which  a  thermistor  was  de¬ 
posited  onto  the  periphery  of  the  crystal 
blank.  Although  this  tended  to  eliminate 
the  problems  of  thermal  gradients  between 
the  sensor  and  crystal,  it  did  not  prove 
practical  in  large  volume  production  at 
the  time.  More  development  in  this  area  is 
required. 

The  accuracy  of  the  compensation  with 
respect  to  temperature  is  a  function  of  the 
crystal's  frequency  variation  with  respect 
to  temperature.  This,  in  turn,  establishes 
the  minimum  acceptable  resolution  of  the 
ADC  and  DAC.  These  requirements  are  in¬ 
dependent  of  each  other.  The  number  of 
discrete  temperatures  N  that  the  ADC  must 
be  able  to  resolve  is: 

N  =  (S/A)xT  (1) 

where:  A  =  the  accuracy  desired  in  ppm 

S  =  the  maximum  slope  of  the  cry¬ 
stal  response  to  temperature 
expressed  in  ppm/deg  C 
T  =  the  temperature  range  to  be 
compensated 

While  the  ADC  resolution  is  determined  by 
the  worst  case  slope  of  the  temperature 
response,  the  DAC  resolution  V  is  deter¬ 
mined  by  the  peak-to-peak  frequency  de¬ 
viation  of  the  crystal  over  the  tempera¬ 
ture  range  of  interest: 

V  =  D/A  (2) 

where:  D  =  the  total  frequency  shift  of 

the  crystal  expressed  in  ppm 

A  computer  program  has  been  developed 
to  model  the  digital  compensation  network. 
This  permitted  the  relative  contributions 
of  the  ADC  and  DAC  resolution  to  the  over¬ 
all  compensation  accuracy  to  be  assessed 
with  respect  to  changes  in  temperature 
range  and  changes  in  crystal  responses 
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(angle  changes).  The  error  envelope  for 
a  DCXO  using  8  bits  of  ADC  and  DAC  reso¬ 
lution  is  shown  in  Figure  3.  Note  that 
the  areas  of  minimum  error  correspond  to 
the  turning  point  temperatures  of  an  AT 
cut  resonator  and  that  the  maximum  error 
occurs  at  the  lower  temperatures  where 
the  slope  of  the  temperature  response  is 
a  maximum. 

The  DCXO  is  provided  with  a  serial 
I/O  port  which  permits  external  modifi¬ 
cation  of  the  memory  contents  after  the 
package  has  been  sealed.  This  feature 
permits  the  DCXO  to  be  adjusted  for  out¬ 
put  frequency  after  burn-in  and  aging 
are  completed  without  the  use  of  external 
mechanical  adjustments  or  substantial 
labor  inputs.  Also,  any  chnages  pro¬ 
duced  in  the  output  of  the  oscillator 
from  sealing  will  be  compensated  for 
during  testing.  Sealing  will  also  al¬ 
low  low  temperature  testing  without  the 
problems  created  by  frost  formation  on 
critical  components.  Unlike  the  TCXO, 
in  which  the  compensation  is  adjusted 
by  changing  components,  no  physical  in¬ 
tervention  is  required  with  the  DCXO. 

This  means  that  the  entire  test,  com¬ 
pensation  and  performance  verification 
operations  can  be  fully  automated  and 
combined  so  that  the  parts  need  not  be 
touched  until  the  cycle  is  completed. 

All  of  the  compensation  and  fre¬ 
quency  adjustment  data  are  stored  in  an 
Electrically  Erasable  Programmable  Read 
Only  Memory  (EEPROM)  developed  by  Hughes 
Aircraft  Company.  This  CMOS  device  may 
be  programmed,  erased  and  reprogrammed 
many  times  without  degradation  of  per¬ 
formance  and  without  the  use  of  ultra¬ 
violet  light.  Use  of  the  EEPROM  with  an 
externally  accessible  I/O  port  allows 
the  entire  compensation  to  be  altered. 
This  permits  the  nominal  frequency  to  be 
adjusted  digitally  which  has  application 
to  remotely  located  equipment  requiring 
periodic  adjustment  or  synchronisation . 
Additionally,  with  the  passage  of  time, 
if  the  aging  of  the  crystal  or  other 
components  should  degrade  the  accuracy 
of  the  compensation  beyond  the  point 
where  a  simple  linear  shift  will  be  suf¬ 
ficient  to  restore  it,  the  DCXO  can  be 
retested  and  entirely  new  compensation 
data  loaded.  The  device  is  then  ready 
for  continued  use.  This  capability  is 
limited  by  the  capacitance  range  of  the 
varactor  diode  and  the  DAC  resolution. 
Both  of  these  parameters  may  be  speci¬ 
fied  so  as  to  extend  the  useful  life  as 
required. 

Construction  Features 

The  DCXO  was  constructed  using 
hybrid  microcircuit  packaging  techniques 


to  conserve  package  volume.  Thin  film 
technology  was  employed  to  take  advantage 
of  the  greater  stability  of  the  resistors 
as  compared  to  thick  film  circuits.  The 
prototype  as  developed  occupied  1.05  cu¬ 
bic  inches .although  it  was  placed  in  a 
somewhat  larger  package  initially.  As 
shown  in  Figure  4,  the  circuit  is  parti¬ 
tioned  into  two  substrates.  The  smaller 
substrate  contains  the  complete  oscilla¬ 
tor  and  output  gate.  The  larger  sub¬ 
strate  contains  the  compensation  cir¬ 
cuitry  and  power  supply  regulation.  This 
arrangement  permits  oscillators  to  be  de¬ 
veloped  over  a  wide  range  of  frequencies 
with  changes  required  only  on  the  smaller 
substrate.  The  compensation  network  is 
not  affected  by  changes  in  oscillator  de¬ 
sign  so  that  the  time  and  expense  of  a 
new  layout  and  substrate  are  avoided.  A 
possibility  here  is  the  creation  of  a 
series  of  compensation  networks  with 
varying  resolution.  Custom  DCXO's  could 
then  be  produced  on  relatively  short  no¬ 
tice,  and  at  relatively  low  cost  by  com¬ 
bining  appropriate  substrates  for  oscil¬ 
lator  frequency,  output  compatibility 
and  compensation  precision. 

The  temperature  range  over  which  the 
compensation  network  operates  is  deter¬ 
mined  by  the  trimming  of  two  resistors 
on  the  large  substrate.  This  permits 
the  independent  adjustment  of  the  upper 
and  lower  temperature  bounds,  over  a 
broad  range,  after  the  substrate  has  been 
assembled.  Through  the  use  of  precision 
laser  trimming  techniques,  these  temper¬ 
ature  bounds  may  be  set  very  precisely. 
This  is  very  important  since  any  safety 
factor  used  to  account  for  trim  errors 
results  in  a  degradation  in  apparent  ADC 
resolution  and  thus  compensation  accu¬ 
racy. 

Temperature  compensation  accuracy  is 
shown  in  Figure  5.  Over  the  range  -45°C 
to  85°C  the  DCXO  exhibits  a  maximum  fre¬ 
quency  deviation  of  0.8ppm.  The  nominal 
oscillator  frequency  is  5.0  MHz  using  an 
AT  cut  resonator  operating  on  the  funda¬ 
mental  mode.  The  power  consumption  is 
approximately  250mW.  This  performance 
was  obtained  using  commonly  available 
components.  Significant  reductions  in 
size  and  power  consumption  are  possible 
using  custom  semiconductor  devices. 

Automatic  Compensation  and  Test 

A  significant  advantage  of  the  DCXO 
approach  to  temperature  compensated  os¬ 
cillators  is  the  ability  to  automate  the 
compensation  and  test  operations.  The 
test  equipment  involved,  shown  in  Figure 
6,  is  relatively  simple  and  inexpensive. 
An  interface  is  required  to  transfer  data 
through  the  internal  DCXO  I/O  port.  The 
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DCXO  can  output  the  temperature  code 
from  its  ADC  and  its  DAC  can  receive 
input  from  the  internal  memory  or  an 
external  data  source.  Also,  the  memory 
contents  can  be  output  and  new  data  can 
be  loaded  at  specified  addresses. 

In  operation,  the  test  chamber 
temperature  is  set  and  the  DCXO  sta¬ 
bilized  at  a  series  of  temperatures. 

At  each  temperature,  the  test  equip¬ 
ment  adjusts  the  DAC  input  until  the 
frequency  output  is  within  pre-speci- 
fied  limits.  The  DAC  input  is  stored 
on  disc  along  with  the  ADC  code.  When 
the  temperature  test  is  complete,  the 
controller  calculates  any  missing  en¬ 
tries  in  the  look-up  table  through  an 
interpolation  scheme.  The  memory  is 
loaded  through  the  I/O  port  and  the 
DCXO  is  fully  functional.  Appropriate 
acceptance  tests  are  performed  prior  to 
removal  from  the  test  chamber. 

The  structure  of  the  I/O  port  lends 
itself  to  bus  structured  networks.  This 
will  permit  multiple  DCXO's  to  be  test¬ 
ed  in  a  single  run.  The  upper  limit  on 
the  number  of  DCXO's  tested  simultaneous¬ 
ly  is  controlled  by  the  capacity  of  the 
temperature  chamber  and  related  fixtur- 
ing.  Automated  testing,  coupled  with 
automated  assembly  technology  currently 
available  in  the  hybrid  industry,  can 
make  volume  production  of  precision  os¬ 
cillators  a  realizable  goal. 

Future  Development 

Much  of  the  technology  used  in  the 
DCXO,  particularly  the  ADC  and  EEPROM, 
is  relatively  new  and  rapidly  evolving. 

It  is  reasonable  to  expect  this  rapid 
evolution  to  continue  which  should  re¬ 
sult  in  increased  accuracy  and  lower 
power  consumption  at  lower  cost.  At 
present,  although  the  DCXO  uses  8  bit 
ADC's  and  DAC's,  12  and  14  bit  mono¬ 
lithic  devices  are  available.  This  will 
place  the  compensation  accuracy  inside 
the  limits  of  aging  and  thermally  in¬ 
duced  frequency  hysteresis  present  in 
conventional  AT  cut  resonators.  It  is 
in  this  area  that  development  is  requir¬ 
ed  in  the  future.  A  small,  precision 
crystal  with  low  aging  and  thermal  hys¬ 
teresis  is  needed  if  the  crystal  tech¬ 
nology  is  to  keep  up  with  the  semicon¬ 
ductor  technology  that  encompasses  the 
balance  of  the  oscillator.  With  the 
appropriate  investment  in  custom  MOS 
devices,  the  entire  DCXO,  less  the  cry¬ 
stal,  can  be  realized  on  two  chips.  It 
is  the  crystal  that  will  ultimately 
limit  both  the  stability  and  the  size 
of  future  oscillators. 
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Figure  1.  Typical  Varactor  Bias  Voltage  for  an  AT-Cut  Crystal 


Figure  2,  Block  Diagram  for  a  Digitally  Compensated  Crystal 
Oscillator 


Figure  3.  Computer  Model  of  Error  Envelope  for  8  Bit  DCXO 
with  an  AT  Cut  Crystal 
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Figure  4.  Hybrid  DCXO  Showing  Circuit  Partitioning  into 
Oscillator  and  Compensation  Substrates 
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Figure  5.  Typical  DCXO  Frequency  Stability  with  Respect 
to  Temperature 


Figure  6.  Automated  Compensation  and  Test  Position 
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Summarv 


Crystal  Resonator  Equivalent  Circuits 


The  heart  of  the  crystal 
oscillator  is  the  resonator,  as  the 
performance  of  the  oscillator  is  always 
worse  than  that  of  the  resonator.  An 
important  coal  of  qood  osci  1  lator  (lesion 
is  to  minimize  the  difference  between 
the  resonator  and  oscillator  performances. 
In  order  to  achieve  this  qoal,  it  is 
necessary  to  have  full  knowledge  of  the 
resonator  performance.  This  knowledge 
is  qained  from  the  resonator  specifica¬ 
tions  and  from  calculations  based  upon 
the  resonator  and  oscillator  specifica¬ 
tions  and  oscillator  circuit  parameters. 


This  tutorial  paper  clarifies  the  '• 
existing  resonator  specifications  and 
presents  additional  resonator  and  circuit 
concerts  which  relate  the  oscillator  and 
resonator  performances.  The  sub-ect 
matter  is  particularly  relevant  to  pre¬ 
cision  oscillators  using  low  crystals 
such  as  the  fifth  overt  ’.a  SC  cut. 


Introduction 


With  the  growing  popularity  of  the 
SC  cut,  low  C. ,  crystals,  some  of  the 
ideas  associated  with  crystal  character¬ 
istics,  specifications  and  application 
merit  closer  reexamination.  This  re¬ 
examination  should  include  the  considera¬ 
tions  involved  in  the  practical  inter¬ 
facing  of  the  crystal  into  the  oscillator 
circuitry  so  that  the  correct  operating 
frequency  is  obtained.  This  paper  is 
intended  to  assist  in  this  reexamination. 

The  paper  is  primarily  tutorial,  but 
it  introduces  some  concepts  useful  in 
crystal  specification  and  application, 
and  it  clarifies  some  of  the  implications 
in  the  present  crystal  specifications. 


Let  us  start  with  a  review  of  the 
crystal  resonator  equivalent  circuits. 

Fig.  1(a)  shows  the  symbol  for  the 
crystal  resonator.  Note  the  resonator 
housing  marked  as  "c"  and  shown  in  dashed 
lines . 


Fia.  1(b)  shows  the  comolete  equivalent 
circuit,  including  the  housing,  which  is 
rarely  used  except  at  the  highest 
frequencies . 


Fig.  2  is  the  very  familiar  circuit 
normally  used,  and  around  which  the  crystal 
spcci f icat ions  arc  written.  C^,  L^ ,  R^ 
are  well  defined  and  can  be 
measured  with  the  desired  degree  of  pre¬ 
cision.  However,  as  will  be  shown  later, 
the  magnitude  of  is  somewhat  vague  and 
depends  upon  the  circuit  in  which  the 
crystal  is  used. 


Fia.  3 
assuming  Cq 


is  a  simplification  of  Fia.  2 
is  well  defined. 


The  approximate  relationships  between 
the  oarameters  of  Fig.  2  and  those  of 
Fig.  3  are: 


(1) 


(2) 
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where  ' f 


=  f  -  fs  (3a) 


2-V  4  Cx 


Crystal  Resonator  Specifications 

The  parameters  normally  specified 
are  C,,  Cq,  f^,  R^,  and  Cr.  Often  is 
r.ot  included  in  tne  specifications  for 
many  of  the  more  popular  crystals  . 

and  Cg  have  been  discussed  above, 
f.  is  the  frequency  at  which  fxe  =  X  \ 
in  Eq.  (2)  is  the  negative  of  the 
reactance  of  a  capacitor  C^;  i.e., 

the  frequency  at  which  the  network  con¬ 
sisting  of  the  crystal  and  C  in  series 
become  series  resonant.  R  Lis  the  value 

of  R  of  Eq.  (1)  at  f  .  L 
e  ^  L 


Interfacing  the  Crystal  in  the  Ideal  Oscillator 

Fiq.  4  shows  the  crystal  connected 
into  the  ideal  oscillator,  using  the  nega¬ 
tive  resistance  oscillator  model.  By  ideal 
oscillator  is  meant  that  the  operating 
frequency  is  fL  and  that  the  oscillator 
does  not  contribute  to  the  Cg,  so  that 
Re  of  the  crystal  is  RL  and  Xe  of  the 
crystal  is  -  X<-  .  The  oscillator  consists 
of  the  crystal  in  series  with  Xl  and  ZLL- 
ZLL  is  the  negative  resistance  generator 
and  has  associated  with  it  the  negative 
resistance  RLl  ’  positive  resistance  RLLp> 
which  represen?s  the  power  out  and  circuit 
losses,  and  Xll  the  reactance  in  the 
generator . 

In  general,  RLLa  a  strong  function 
of  the  current  Ix  ana  provides  the  re¬ 
quired  limiting  action.  Xll  an<3  RLLp  are 
usually  weak  functions  of  Ix.  All  the 
ZLL  parameters  are  weak  functions  of  the 
frequency  over  the  crystal  frequency 
operating  range.  However,  Xll  may  vary 
substantially  over  large  frequency  ex¬ 
cursions  . 


CL  represents  the  reactance  con¬ 
tribution  of  the  oscillator  circuitry  to 
the  oscillator  frequency,  f,  which  ideally 
should  be  fL-  It  should  be  noted  that 
C,  is  not  an  intrinsic  parameter  of  the 
crystal,  since  the  crystal  behavior  is 
completely  described  by  Eqs.  (1)  and  (2), 
which  do  not  include  CT .  However,  the 
specification  of  Cl,  for  a  given  crystal, 
fixes  the  crystal  frequency,  fL,  which 
ideally  is  equal  to  f,  the  desired 
oscillator  frequency.  There  is  much 
confusion  regarding  this  point,  and 
attempts  have  been  made  to  change  the 
given  crystal  properties  by  changing  Cl 
which  only  changes  specification  but  not 
the  actual  crystal  parameters. 


Def ining 


If 


Ls 


f 

s 


(4) 


Then  If, 

Ls 

f 


2,C0  +  CL) 


(5) 


Of  course,  Rl  is  also  a 
Cl  and  from  Eqs.  (1)  and  (5) 


function  of 
is  obtained 


(6) 


The  purpose  of  X’r  is  to  transform 
XLl  so  that  the  crystal  sees  the  rated  Cl- 
It  usually  includes  an  adjustable  component 
for  fine  tuning  the  operating  frequency. 

X£  may  be  inductive  or  capacitive  depending 
upon  Xll-  From  Fig.  4 

XL  =  XCL  *  XLL •  (7) 

Usually  XLl  is  optimized  for  the  type 
of  circuitry,  frequency  stability,  and  the 
necessary  crystal  drive  and  oscillator 
output  powers,  and  is  rarely  equivalent  to 
Cl-  Fig.  4  shows  the  most  popular  means 
of  transforming  Zll  to  XCT  an<3  other  means 
are  available. 

The  Real  Crystal  Resonator 

The  model  of  the  previous  section  is 
adequate  for  fixed  frequency,  moderate 
precision,  high  crystal  oscillators 
wherein  variations  in  crystal  cutting 
accuracy  and  in  the  magnitude  of  Cq  do  not 
produce  intolerable  oscillator  frequency 
errors.  However,  it  is  unsatisfactory  for 
precision  oscillators  using  low  Ci  crystals 
such  as  the  SC  cut  for  two  main  reasons. 

One  reason  is  the  insufficient  pre¬ 
cision  in  cutting  the  crystal  so  that  f  is 
not  equal  to  fL-  For  example,  a  5  MHz  5th 
overtone  SC  crystal  should  be  cut  to  within 
1  Hz  to  make  the  model  reasonably  appl  icnb] e . 
This  results  in  excessive  cost  and  a  very 
high  reject  ratio  for  the  crystal  produc¬ 
tion  . 
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The  second  reason  is  the  vagueness 
of  the  value  of  Co  due  to  poorly  defined 
and  conflicting  measurement  techniques, 
as  described  in  Refs.  1,  2  and  3,  and  the 
effect  of  the  physical  layout  and  the 
circuit  type  upon  the  effective  value  of 
Co-  for  example,  the  leads  to  the  crystal 
in  temperature-controlled  oscillators  may 
add  2  to  7  pf  to  the  value  of  Cq,  depend¬ 
ing  upon  the  physical  layout. 

Fig.  5  shows  the  equivalent  circuit 
of  the  crystal  showing  the  components 
making  up  Cq ■  It  is  evident  that  the 
contributions  of  the  different  components 
are  a  function  of  the  circuit  type  and 
whether  the  crystal  housinq  is  connected 
to  the  oscillator  circuit.  For  example, 
in  the  Pierce  oscillator,  when  the  case 
is  connected  to  the  oscillator  ground 
point,  Cq  consists  of  Cio  and  the  re¬ 
maining  Cdl  and  0^2  are  lumped  into  the 
oscillator  circuit  capacitances .  How¬ 
ever,  often,  even  when  the  distribution 
of  the  components  is  taken  into  account, 
the  value  of  the  resulting  Cq  does  not 
aqree  with  that  obtained  from  oscillator 
performance,  as  pointed  out  in  Ref.  4. 

It  is  therefore  recommended  that  the 
effective  value  of  Cq,  which  we  shall 
call  the  motional  static  caoacitance, 

C <S ,  be  measured  usino  the  oscillator  as 
the  measuring  vehicle.  This  measurement 
takes  into  account  all  the  factors  so 
far  mentioned  and  any  other  unknown 
factors.  This  measurement  is  performed 
by  inserting  u  known  increment  of 
Xe  =  Xe  and  noting  the  resulting  change 
in  the  oscillator  operating  frequency 
(  f  =  ■  (  •  f ) ) .  Co  is  then  calculated  as 
a  function  of  '.f  from  the  following 
equation 


The  following  relationships  are 
applicable : 


(9) 


In  terms  of  f  =  f  +  .\f, 


1 

12 


In  terms  of  f  =  fL  +  df, 

Rdf  =  the  crystal  resistance,  Re,  at  f 


R 


1 


C0 


+  C„ 


-  2 
df  ■ 

T 


(12) 


C.  =  the  necessary  CT  at  f, 
Ldf  L 


A  slightly  different  value  of  Cq  will 
be  obtained  for  each  practical  value  of 
f.  It  is  therefore  recommended  that  the 
geometric  mean  of  these  values  be  used  in 
all  calculations  involving  Co- 

Now  assume  that  a  crystal,  of 
characteristics  Ci,  Rl  <  f l  and  C^,  is 
available.  It  is  desired  to  operate  the 
crystal  with  an  effective  motional  static 
capacitance,  Cj,  at  frequency  f  =  fL  +  df. 


+  C„ 


2df 

Clf 


i  -1 


c ' 

l"0 


(13) 


Table  1  gives  the  characteristics  of 
a  high-performance  SC  cut  crystal  as  a 
function  of  and  df. 
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Table  1-  Example  of  Characteristics 
of  SC  Cut  Crystal  as  a  Function  of  Cq  and 
df,  5  MHz,  5th  Overtone 

Specifications : 

Cx  =  40  CQ  =  2  pF,  CL  =  24  pF 


Rl  =  350  Ohms,  f  = 

5  MHz 

Calculated  Data: 

Qx  =  2.67  <10)6,  Rx 

=  297  ohms 

AfLs  =  3.84 

Hz 

(C'0  -C0)pF  Cq  pF  df  Hz  Rdf  ohms 

%  PF 

df 

0  2  0 

350 

24 

2 

381 

15.1 

4 

418 

10.7 

6 

464 

8.2 

2  4  0 

415 

22 

2 

506 

13.1 

4 

632 

8.7 

6 

809 

6.2 

3  5  0 

455 

21 

2 

593 

12.1 

4 

804 

7.8 

5  7  0 

557 

19 

2 

853 

10.1 

4 

1466 

5.7 
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Figure  1. 


Crystal  Resonator,  (a)  Circuit  Symbol,  (b)  Complete 
Equivalent  Circuit  Including  the  Effects  of  Holder 
and  Mounting  Supports.  A  Single  Crystal  Resonance 
is  Represented  by  the  L^',  C-|\  R-j'  Arm.  This  Circuit 
is  Valid  in  the  Vicinity  of  a  Single  Resonance  up  to 
UHF  Frequencies. 


R 

e 

o - VWW'- 


X 

e 


Figure  2.  Simplified  Equivalent  Network  of  a  Crystal 

Resonator,  The  Element  Values  are  Measured  Effec 
tive  Quantities  that  Include  Various  Stray  and  Para¬ 
sitic  Effects,  and  are  Constant  in  the  Frequency 
Regions  Centered  About  the  Resonance  Under 
Consideration. 


Figure  3.  Resistive  (Rg>  and  Reactive  lXe)  Parts  of  the 

Impedance  Represented  by  the  Network  of  Figure  2 
The  Quantities  Re  and  Xfi  are  Sensitive  Functions 
of  Frequency  in  the  Region  of  Resonance 


484 


1 


J  -J*C  =  + 

Cer>-c  dt>  ''**0 

nrie"**-?  OJc  g  ^  J, 

Figure  4.  Negative  Resistance  Model  of  Oscillator  (Idealized) 


Figure  5.  Equivalent  Electrical  Circuit  of  Crystal  Resonator  and 
Enclosure.  Below  VHF  Frequencies  the  Element 
Values  are  Constant;  at  Higher  Freuqencies  the 
Values  are  Very  Weakly  Dependent  on  Frequency, 
Following  from  the  Constant  Values  of  Figure  1. 


dr 


-  7 


+<  y 
»t  f:  / 

L 
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d  ^ 


7  f  t.  /?e  ^ 

Figure  6.  Negative  Resistance  Model  of  Oscillator  (Real  Casel 
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REDUCING  SAW  OSCILLATOR  TEMPERATURE  SENSITIVITY  WITH  DIGITAL  COMPENSATION 


A.  J.  Slobodnik,  Jr.,  R.  D.  Colvin,  G.A.  Roberts,  J.H.  Silva 


A  method  of  using  digital  compensation  to  re¬ 
duce  surface  acoustic  wave  oscillator  temperature 
sensitivity  is  described.  Initial  results  with  an 
AT  quartz  SAW  oscillator  show  a  reduction  in 
frequency  variation  from  191.7  parts-per-rai llion  to 
3.2  parts-per-mil Lion  over  the  temperature  range 
-13  to  +97  °C.  The  key  feature  is  the  use  of  two 
delay  paths  on  the  same  substrate.  The  first  path 
is  aligned  with  a  SAW  orientation  having  low  tempera¬ 
ture  sensitivity.  By  means  of  oscillation  around  a 
feedback,  loop,  it  provides  the  more  precise  frequency 
or  clock.  The  second  delay  path  is  aligned  with  a 
SAW  orientation  having  high  temperature  sensitivity 
and  acts,  through  its  frequency  of  oscillation,  as  a 
temperature  measuring  device.  By  using  a  thermometer 
placed  directly  on  the  substrate,  » \tact 

and  time  constant  problems  are  minimized  and  accurate 
temperature  sensing  results.  The  thermometer 
frequency  (a  direct  measure  of  temperature)  is 
counted  down  to  provide  an  address  to  a  precalibrated 
read  only  memory.  At  each  temperature  the  phase 
shifter  control  word  necessary  to  maintain  a 
stable  clock  frequency  is  generated  on  the  data 
Lines  of  the  ROM  and  applied  to  the  electronically 
variable  phase  shifter. 

Introduction 

- 

Generation  of  precise  frequencies  by  means  of 
crystal  oscillators  is  an  important  electronics 
function.  Recently,  surface  acoustic  wave  (SAW) 
oscillators*  such  as  the  one  illustrated  in 
Figure  1,  have  shown  themselves  to  be  a  particu¬ 
larly  cost  effective  implementation  of  this  func¬ 
tion4*.  However,  a  problem  exists  in  maintaining 
frequency  stability  over  a  wide  temperature  range; 
a  problem  shared  to  a  lesser  degree  by  bulk  oscill¬ 
ators.  A  number  of  techniques  have  been  proposed 
to  compensate  for  this  temperature  sensitivity  for 
bulk*”**  and  surface  acoustic  wave^H  oscilLators. 

It  is  the  purpose  of  this  paper  to  describe 
a  simple  and  effective  means  for  digitally  compen¬ 
sating  for  the  temperature  sensitivity  of  a  SAW 
osci L lator . 

\  Description  of  the  Concept 


An  overall  description  of  the  current  concept  is 
illustrated  in  Figure  2.  The  key  feature  is  the  use 
of  two  delay  paths  on  the  same  SAW  substrate.  The 
first  path  is  aligned  with  a  SAW  orientation  having 
traditional  low  temperature  sensitiivty  properties. 
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By  means  of  oscillation  around  a  feedback  loop,  it 
provides  the  more  precise  frequency  or  clock.  The 
second  delay  path  is  aligned  with  a  SAW  orientation 
ation  to  re-  having  high  temperature  sensitivity  and  acts, 

temperature  through  its  frequency  of  oscillation,  as  a  ther- 

iults  with  an  mometer  or  temperature  measuring  device.  By  using 

ion  in  a  thermometer  placed  directly  on  the  substrate,  therm 

ier-mi llion  to  contact  and  time  constant  problems  are  minimized 
iture  range  and  accurate  temperature  sensing  results.  An 

•  use  of  two  advantage  of  the  SAW  device  over  the  analogous 

ie  first  path  bulk  technique^  is  that  the  two  paths  are  both 

ng  low  tempera-  electrically  and  spatially  separate. 


The  thermometer  frequency  (a  direct  measure  of 
temperature)  is  counted  down  to  provide  an  address 
to  a  precalibrated  erasable  programmable  read  only 
memory  (EPROM).  At  each  temperature  the  phase 
shifter  control  word  necessary  to  maintaian  a  stable 
clock  frequency  is  generated  on  the  data  lines  of 
the  EPROM  and  applied  to  the  electronically  variable 
phase  shifter.  System  convergence  Is  assured  due 
to  the  intentional  difference  In  temperature  co¬ 
efficients  of  the  two  delay  paths.  Note  the  simpli¬ 
city  of  the  system.  The  clock  frequency  itself  is 
directly  available  as  an  output;  no  further  manipu¬ 
lation  or  frequency  synthesis  is  required. 

Experimental  Results 

A  SAW  device  having  dual  criss-cross  delay  paths 
as  sketched  in  Figure  3  was  fabricated  on  AT  (34.25° 
rotated  Y-cut )  quart*.  The  clock  propagation  path  was 
along  the  X-axis  with  the  thermometer  path  at  an  angle 
of  34.8°.  The  properties  of  this  and  other  digitally 
compensated  SAW  oscillator  (DCSO)  substrates  are 
listed^“15  in  Table  1.  Also  li8ted*k-20  for  compar¬ 
ison  are  several  other  popular  SAW  temperature 
compensated  substrates.  By  choosing  the  angle 
between  the  clock  and  thermometer  paths  (last 
column  in  Table  1),  one  can  trade  off  accuracy  in 
sensing  the  clock  path  temperature  (best  with 
smaller  angles)  for  additional  electromagnetic 
leakage  suppression  (see  Figure  3).  Orientations 
In  Table  1  are  given  in  both  Euler  angle^*  and 
IRE/ IEEE  standard  notation^.  if  those  preferring 
IEEE  notation  could  adopt  ZXtlt  rather  than 
YXwlt  rotations,  direct  commonality^  of  notation 
would  result. 

The  frequency  of  operation  of  the  experimental 
device  was  approximately  100  MHz.  Erasable  programm¬ 
able  read  only  memory  chips  were  calibrated  and  the 
complete  DCSO  Illustrated  in  Figure  2  was  Implemented. 
The  SAW  device  was  ovenized  and  the  temperature 
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varied  with  results  as  shown  in  Figure  4.  A  signifi¬ 
cant  improvement  in  frequency  stability  over  the 
comparable  uncompensated  case  is  evident.  Farther 
improvement  can  be  expected  from  the  use  of  sealed 
packages  with  better  thermal  characteristics 
which  increase  reproducibility  of  conditions  between 
calibration  and  operational  runs. 

Intelligent  DCSO 

A  more  advanced  version  of  a  digitally 
compensated  SAW  oscillator  is  shown  in  Figure  5. 

Here,  intelligence  in  the  form  a  a  microprocessor 
or  computer  is  incorporated.  In  addition  to  the 
previously  described  DCSO  advantages  of  optimum 
temperature  sensing,  fast  warmup  and  low  cost; 
several  other  important  features  now  become 
possible.  (1)  Based  on  starting  temperature 
and  direction  and  rate  of  change  of  temperature, 
hysteresis^  can  be  compensated.  (2)  Compensation 
for  agingl^  becomes  possible.  (3)  Rapid  temperature 
changes  can  be  handled  by  outputting  interpolated 
control  words  between  available  thermometer  counts. 
(4)  Frequency  tuning  while  continuing  to  maintain 
low  temperature  sensitivity  becomes  possible.  This 
latter  property  suggests  use  as  a  frequency  synthe¬ 
sizer.  Indeed,  combining  the  fine  frequency 
capability  of  a  DCSO  device  with  the  broad  band¬ 
width  of  a  switched  SAW  fllterbank  synthesizer 
results  in  the  wide-bandwidth,  narrow-tone-spacing 
synthesizer  shown  in  Figure  6. 

Conclusions 

Digital  compensation  promises  to  significantly 
improve  the  temperature  stability  of  both  bulk  and 
SAW  oscillators.^  In  the  present  paper  we  have 
described  a  technique  which  takes  advantage  of  some 
of  the  unique  properties  of  SAW  devices. 
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digitally  compensated  saw  oscillator  -operating  mode 

Figure  2  Block  Diagram  of  a  Digitally  Compensated  SAW 
Oscillator  (DCSO)  in  the  Operating  Mode 
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Figure  3.  Transducers  Used  for  Experimental  Device,  in 


Addition  to  Input-Output  Leakage,  Electromagentic 
Feedthrough  can  Occur  as  Shown. 


INTELLIGENT  DCSO  -  OPERATING  MODE 

Figure  5.  Block  Diagram  of  an  Intelligent  Digitally 

Compensated  SAW  Oscillator  in  the  Operating 
Mode 


WIDE- BANDWIDTH,  NARROW -TONE-SPACING  FREQUENCY 
SYNTHESIZER 


ocso  s*p»'»Esire» 


Figure  6.  Wide-Bandwidth,  Narrow-Tone-Spacing,  Frequency 
Synthesizer 
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Table  1 

Properties  of  DCSO  and  Other  SAW  Orientations 
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Notes: 


H)  For  AT  Quartz  Turnover  Occurs  Away  from  25°C. 

(2)  Euler  Angles  of  12.5,  125.0,  49.95  Yield  Zero 
Power  Flow  Angle. 

(3)  Values  from  Reference  18.  (All  Other  Cuts 
Recomputed  for  this  Paper). 
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Summa ry 


The  Tactical  Miniature  Crystal 
Oscillator  (TMXO)  and  its  more  significant 
desu)n  features  have  been  described  pre¬ 
viously.  In  this  paper,  the  performance 
character ist ics  of  the  early  TMXO  models 
will  be  presented.  In  addition,  perfor¬ 
mance  results  representative  of  more 
recent  units  which  use  SC-cut  crystals  are 
included  and  mechanical  changes  to  improve 
the  internal  structural  characteristics 
are  discussed.  Finally,  a  test  oscilla¬ 
tor  useful  in  evaluating  crystals  is 
loser  ibed 

In  general,  the  results  of  the  evalu¬ 
ation  of  the  initial  TMXO  models  indicate 
that  the  major  performance  goals  were 
realized.  In  those  areas  where  perfor¬ 
mance  was  less  than  expected,  modifica¬ 
tions  have  been  introduced  to  enhance  per¬ 
formance.  Later  models  having  these  modi¬ 
fications  incorporated  verify  the  effec¬ 
tiveness  of  the  changes. 


Key  Words  (for  information  retriev¬ 
al)  Miniature  quartz  oscillator,  thermal 
control,  hybrid  microelectronics,  vacuum 
techniques . 


I nt roduct ion 

The  1MX0  is  a  miniature,  low  power, 
fist  warmup,  thermally  controlled  quartz 
oscillator  intended  for  use  in  tactical 
communications,  navigation,  and  identi¬ 
fication  applications.  Power  consuir.pt  ion 
at  -54''  C»  Icius  is  typically  25b  mW  and 
frequency  accuracy  over  the  temperature 
r  inqe  f  -54  to  +75  Celcius  is  within 
1X1”  of  the  nominal  frequency.  Design 
nil  I  a  for  warmup  time  and  vibration  sens- 
i  *  i  ■■■  i  •  y  are  )  minutes  and  1X10-  1  per  g 
respec  ively.  The  volume  of  the  TMXO  is 
approximately  16  cm3. 


The  low  power  consumption  of  the  TMXO 
results  from  the  use  of  hybrid  microelec¬ 
tronic  techniques  which  reduce  the  volume 
of  the  thermally  controlled  parts,  and  a 
double  walled  construction  in  which  the 
space  between  the  walls  is  evacuated.  An 
inner  enclosure  containing  the  crystal  and 
electronics  is  supported  within  the  evacu¬ 
ated  space  by  a  system  of  wires  which  also 
provide  electrical  connections.  This  sup¬ 
port  structure  provides  a  thermal  resis¬ 
tance  from  the  electronics  and  crystal 
assembly  to  the  ambient  of  approximately 
500  C/W.  Typical  power  consumption  of 
the  oscillator  as  a  function  of  .ambient 
temperature  is  shewn  in  figure  1.  A  sim¬ 
plified  illustration  of  the  construction 
of  the  TMXO  is  seen  in  figure  2. 

Another  important  feature  of  the  TMXO 
is  the  use  of  a  ceramic  flatpack  crystal 
enclosure  which  has  been  developed  by  the 
Army  in  a  parallel  program.  This  packaae 
is  very  compatible  with  the  TMXO  structur¬ 
al  concept  and  it  promises  to  provide  sig¬ 
nificant  improvements  in  a  numb'  r  of  crys¬ 
tal  related  performance  paramet  rs. 


POWER  CONSUMPTIONS  VS. 
AMBIENT  TEMPERATURE 


Fiaure  1 
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TMXO  STRUCTURE 


Frequency  Stability 

The  design  of  the  crystal  is  an 
important  factor  in  determining  the  fre¬ 
quency  stability  of  the  oscillator.  Funda¬ 
mental  crystals  were  used  in  the  early 
TMXO  models  because  it  was  thought  that 
this  would  decrease  warmup  time.  Subse¬ 
quent  investigation  has  shown  that  warmup 
time  for  the  fundamental  crystal  is  only 
slightly  less  than  that  for  overtone 
units.  In  the  early  models,  which  used 
fundamental  AT-cut  crystals,  aging  rate 
ranged  from  about  1X10  "10  /day  to  1X10'9  / 
day  after  two  weeks  of  continuous  opera¬ 
tion.  Aging  data  for  four  of  these  units 
is  shown  in  figure  3. 

Short  term  stability  is  also  a  crys¬ 
tal  dependent  parameter.  Typical  perfor¬ 
mance  in  this  area  is  shown  in  figures  4 
and  5.  Figure  4  shows  the  Allen  variance 
as  a  function  of  averaging  period,  and 
figure  5  shows  the  phase  noise  density  as 
a  function  of  frequency  offset  from  the 
carrier . 


FREQUENCY  AGING 


The  crystals  used  in  the  first  TMXO 
models  were  early  developmental  units  pro¬ 
cessed  in  the  1978-79  time  frame  and  are 
therefore  not  representative  of  current 
crystal  performance.  In  general,  recent 
crystals  are  considerably  improved  in  both 
long  and  short  term  stability. 

Frequency  stability  with  respect  to 
temperature  is  a  function  of  the  crystal 
frequency/temperature  characteristic  and 
also  the  thermal  gain  of  the  temperature 
control  system.  Frequency  stability  vs. 
temperature  for  a  recent  model  which  uses 
an  SC-cut  crystal  is  shown  in  figure  6. 


Figure  4 


Figure  5 


Figure  3 
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FREQUENCY  VS.  AMBIENT  TEMPERATURE 
TMXO  NO.  23  (10  MHz  THIRD  O.T.  SC) 


Warmup  Time 

Fast  warump  was  a  major  performance 
objective  of  the  TMXD  development,  and  the 
construction  of  the  internal  assembly  was 
designed  to  enhance  this  parameter.  How¬ 
ever,  actual  warmup  performance  for  the 
first  TMXD  was  much  longer  than  expected. 
Since  the  effects  which  resulted  in  this 
poor  warmup  characteristic  may  be  of 
general  interest,  the  techniques  used  to 
isolate  and  resolve  this  problem  are  dis¬ 
cussed  here. 

The  design  goal  for  warmup  time  to 
within  an  accuracy  of  1X10”S  is  3  minutes. 
The  warmup  time  for  TMXO  #1  is  shown  in 
the  curve  of  figure  7.  It  is  seen  that 
the  time  required  to  reach  the  desired 
accuracy  is  approximately  14  minutes.  In 
searching  for  an  explanation  for  this  be¬ 
havior,  it  was  observed  that  the  frequency 
offset  during  warmup  almost  exactly  paral- 
led  the  decay  in  warmup  power  as  shown  in 
figure  8.  This  relationship  of  frequency 
offset  to  heater  power  was  also  confirmed 
by  static  frequency  vs.  ambient  tempera¬ 
ture  measurements. 

A  series  of  carefully  designed  exper¬ 
iments  were  performed  to  determine  the 
cause  of  the  unexpectedly  slow  warmup. 
The  crystal  and  associated  heater  elements 
were  physically  separated  from  the  sub¬ 
strates  which  contain  the  remaining  active 
circuitry.  Power  was  then  applied  to  the 
crystal  and  heat  spreaders  to  bring  the 
resonator  temperature  to  the  upper  turn 
point  where  the  resonator  frequency  was 
measured.  The  ambient  temperature  was 
then  increased  so  as  to  require  less  power 
to  hold  the  crystal  at  the  turn  point,  and 
the  resonator  frequency  was  again  mea¬ 
sured.  Proceeding  in  *  h i c  fashion,  a 


curve  of  resonator  frequency  offset  vs. 
heater  power  was  constructed.  The  results 
of  this  experiment  indicated  that  to  with¬ 
in  experimental  uncertainty,  the  frequency 
offset  during  warmup  and  much  of  the  vari¬ 
ation  in  frequency  with  ambient  tempera¬ 
ture  was  attributable  to  the  effect  of 
heater  power  on  the  resonator  frequency. 

It  was  found  that  the  frequency-power 
relationship  was  different  depending  on 
the  side  of  the  crystal  to  which  power  was 
applied.  The  bottom  cover  (nearest  to  the 
resonator  supports)  was  found  to  be  the 
least  sensitive  and  produced  a  deflection 
opposite  in  sign  to  that  of  the  top  cover. 
This  discovery  suggested  the  possibility 
of  finding  a  configuration  for  heating  the 
resonator  which  would  minimize  the  effect. 


WARM-UP  TIME  FOR  TMXO  NO.  1 


TIME  IN  MINUTES 

Figure  7 


Figure  8 


It  was  reasoned  that  there  should  be 
less  effect  if  the  heat  flow  through  the 
covers  were  minimized.  To  accomplish 
this,  the  crystal  covers  were  separated 
from  the  heat  spreaders  by  a  thin  copper 
washer  which  provided  thermal  contact  near 
the  periphery  of  the  covers.  It  was  found 
that  the  copper  washer  did  indeed  modify 
the  effect,  and  in  the  case  of  the  bottom 
cover  the  effect  could  be  minimized  by 
varying  the  size  of  the  hole  in  the 
washer.  This  is  shown  in  figure  9  where 
the  offset  is  plotted  against  heater  power 
for  different  spacer  configurations. 

With  these  results,  the  design  of  the 
electronics  assembly  was  modified  to 
incorporate  the  copper  spacer  on  one  side 
of  the  crystal  and  to  remove  the  heating 
elements  from  the  other  side  altogether. 
Also,  in  order  to  reduce  the  time  required 
for  the  complete  internal  package  to  reach 
thermal  equilibrium,  a  heating  element  was 
added  to  the  internal  header  so  that  the 
inner  enclosure  would  warm  up  at  about  the 
same  rate  as  the  electronics  assembly. 
This  would  cause  the  heater  power  to  decay 
much  faster  following  turn  on  and  any 
residual  effects  of  heater  power  would 
thus  be  minimized. 


TMXO  #2  FREQUENCY /POWER  DEFLECTION 


F:  lure  9 


With  these  modifications,  a  substan¬ 
tial  improvement  in  warmup  time  was 
achieved.  The  curve  for  TMXO  #7  in  figure 
10  is  representative  of  the  warmup  charac¬ 
teristics  of  5.115  MHz  fundamental  AT-cut 
units.  However,  the  compensation  tech¬ 
nique  which  works  well  for  a  particular 
crystal  design  will  not,  in  general,  be 
satisfactory  for  other  designs,  and  for 
some  crystals,  compensation  for  this 
effect  is  not  possible  at  all.  It  will 
therefore  be  necessary  to  characterize  new 
crystal  designs  for  this  frequency-power 
effect  before  use  in  TMXO  applications. 
SC-cut  crystals  which  were  used  in  more 
recent  units  do  not  exhibit  this  effect  to 
any  significant  degree. 


2  4  •  t  10  12  14  It  It 

TIME  FROM  TURNON  (MINUTEII 

Figure  10 


Vibration  Effects 

In  the  initial  design  of  the  TMXO,  a 
great  deal  of  emphasis  was  placed  on  re¬ 
ducing  power  consumption  and  enhancing  the 
reliability  of  the  vacuum.  The  objective 
of  the  mechanical  design  was  to  make  the 
support  structure  as  rigid  as  possible 
while  maintaining  a  thermal  resistance 
through  the  support  structure  of  approxi¬ 
mately  500°  C/W. 

In  testing  the  frequency  stability  of 
the  TMXO  under  vibration,  a  strong  reso¬ 
nance  at  approximately  450  hertz  was 
observed.  This  is  seen  in  the  curve  of 
figure  11  where  the  amplification  of  the 
applied  acceleration  at  resonance  is  about 
16  times.  Since  this  represents  a  signif¬ 
icant  degradation  in  stability  relative  to 
the  acceleration  sensitivity  of  the  crys¬ 
tal,  corrective  steps  were  taken  to 
improve  the  structural  characteristics  of 
the  oscillator. 

The  principal  resonance  mode  of  the 
support  structure  is  along  the  vertical 
axis.  The  resonance  can  be  modeled  by 
considering  the  inner  enclosure  to  be  a 
lumped  inertial  mass  supported  by  a 


VIBRATION  FREOUENCV  (Hi) 

Fiaure  11 
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It  the  spring  constant  is  mea¬ 
sured  by  observing  the  static  displacement 
of  the  inner  enclosure  resulting  from  a 
constant  force,  and  using  i he  known  weignt 
of  t  he  inner  one losut  «•  t  lie  calculated 
natural  frequency  agrees  closely  with  the 
observed  resonant  frequency.  Therefore, 
the  static  deflection  resulting  from  a 
constant,  force  is  useful  in  predicting  the 
structural  resonant  frequency. 

When  examining  the  distortion  of  the 
structure  under  constant  force,  a  rotation 
of  the  horizontal  straps  connecting  the 
vortical  support  wires  to  the  inner  header 
feedthrough  pins  (about  an  axis  normal  to 
♦he  straps  at  each  end)  is  observed-  This 
» o’ at  ion  is  greatest  at  the  end  connected 
* o  the  inner  header  pin.  It  is  clear  that 
this  strap  rotation  is  the  primary  cause 
r*  f  ’-he  reduced  structural  rigidity 

As  an  interim  technique  to  increase 
the  rigidity  of  the  structure,  a  second 
strap  has  been  added  in  parallel  with  each 
existing  strap  on  the  side  of  the  wires 
opposite  from  the  exi sting  strap.  This 
increases  the  resonant  frequency  of  the 
structure  approximately  50%  and  also  seems 
r  reduce  the  amplification  at  resonance. 

A  more  substantial  solution  to  thi~ 
n'-ohl  ,  which  is  new  being  implemented, 
is  the  elimination  of  the  straps  alto¬ 
gether.  A  new  ceramic  header  has  been 
level  oped  for  the  inner  enclosure  which 
w.  li  extend  radially  beyond  the  circle  of 
i  riivr  cover  to  provide  electrical  and 
mechanical  connection  to  the  vertical  sup¬ 
port  wires.  The  electrical  connections 
from  *ne  header  feedthroughs  to  the  verti- 
•al  support  wires  are  made  by  a  metal iza- 
•  ion  pattern  on  the  outside  of  the  header. 

Vibration  testing  of  a  mechanical 
mr.de  1  of  this  new  configuration  indicates 
Mtar  there  are  no  significant  resonance 
modes  below  ?.  kHz.  This  is  quite  an  im¬ 
provement.  over  the  earlier  design,  and  it 
should  be  adequate  for  most  applications. 


W a rmup  P erformance  w i  1 1  •,  SC  C r ystals 

SC- cut  crystals  have  been  used  in  the 
: -os*  r^mru  models  of  the  TMXO  and,  as 
.  •  x  p»‘C  t  ed  ,  wirmup  time  and  acceleration 
•'■r.si  t  ivity  have  been  improved  substan- 
’  m  1  i  y ,  In  addition,  the  use  of  the  cop- 
spacer  *o  compensate  for  the  effects 
:c  power  is  riot  required  for  the  SC 

•  * ;  -  y  s  *  .  j  !  s  .  Figure  12  and  figure  13  show 
*..<•  w  i  i -•!  up  from  room  ambient  and  -  4n  de¬ 
ar.  **s  Celci'is  respectively  for  a  If!  MHz 
•hit  ;  'V'Ttono  SC  orys'al.  The  curves  ar£ 

•  i  -  j  ;.tr  •«x',rnt  that  th*-»  warmup  from  -40' 

1  ♦.  p*r  bv  the  amount  of  time  for  the 


to  make  the  transition  from 
This  corresponds  to  a  rate 
of  change  of  temperature  during  warmup  of 
1.7°  C/ sec . 


temperature 
-40°  to  25° 


Cry st a )  Test  Osc i I  1 ator 

In  the  cours.  c  the  ''  development 
it  was  necessaiv  .  evaluat  . .ystals  in¬ 
dependently  of  1  ".i  K1X0  in  order  to  derive 
the  necessary  i'viyi  parameters  and,  also, 
to  determine  the  contribution  of  the  elec¬ 
tronics  to  such  performance  characteris¬ 
tics  as  aging  and  short  term  stability. 

In  order  to  facilitate  this  evalua¬ 
tion,  a  test  oscillator  was  developed  with 
a  mechanical  construction  designed  to 
allow  convenient  replacement  of  the  crys¬ 
tal  under  test.  Provision  was  also  made 
for  temperature  monitoring  and  control . 
The  original  design  of  the  test  oscillator 
was  optimized  for  the  evaluation  of  funda¬ 
mental  AT-cut  crystals  operating  at  fre¬ 
quencies  of  10MHz  and  below.  In  the  cur¬ 
rent  design,  the  operating  frequency  has 
been  ex  ended  to  2  0  MHz  and  additional 
features  such  as  crystal  current  control 
have  been  added.  A  photograph  of  the  »ns> 
oscillator  is  shown  in  figure  14. 

The  electronics  and  crystal  are 
mounted  or.  four  circular  printed  wiring 
boards  supported  coaxially  inside  a  -ylin- 
dric.al  aluminum  shell.  The  shell  is 
heated  by  resistance  wire  close  wound. 
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around  the  outside  of  the  shell.  A  con¬ 
nector  arrangement  is  provided  between  the 
shell  and  the  top  end  cap  so  that  the 
shell  can  be  quickly  removed  to  expose  the 
crystal  and  electronics.  Thermistors  for 
use  in  temperature  monitoring  and  control 
are  mounted  in  two  slots  machined  in  the 
outside  of  the  shell  parallel  to  the  axis 
of  the  shell.  A  gap  in  the  heater  winding 
over  the  thermistor  mounting  area  prevents 
direct  heating  of  the  thermistors  by  the 
wire . 


TEST  OSCILLATOR  BLOCK  DIAGRAM 
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GAIN 
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Figure  1 7 


A  simplified  schematic  diagram  of  the 
variable  gain  amplifier  is  shown  in  figure 
16.  The  gain  of  the  amplifier  car.  be  ad¬ 
justed  in  10  dB  steps  over  .1  40  iB  range 
by  controlling  the  bias  on  the  three  high 
conductance  Field  Effect  Transistors  ( FET ) 
switches  in  the  emitter  circuits  of  ampli¬ 
fier  stages  and  Q^.  The  bias  of  FET  #2 
and  FET  #3  is  designed  so  that  a  sinals 
wire  can  be  used  to  control  the  switches 
independently.  The  40  dB  crystal  current 
control  range  can  be  adjusted  to  start  at 
a  minimum  of  20  uA  and  can  be  increased  to 
end  at  a  maximum  of  5  mA. 


Figure  14 


This  entire  assembly  consisting  of 
the  heater  shell,  electronics,  and  crystal 
are  housed  inside  a  Dewar  flask  which  is 
closed  at  the  top  by  a  plug  having  low 
thermal  conductivity.  Interconnecting 
wiring  through  the  mouth  of  the  flask  is 
provided  by  a  special  ribbon  cable  also 
designed  to  minimize  heat  conduction. 

A  functional  block  diagram  of  the 
oscillator  electronics  is  shown  in  figure 
15.  This  approach  is  somewhat  unusual 
because  of  the  variable  qain  amplifier 
contained  within  the  AGC  loop.  The  pur¬ 
pose  of  this  amplifier  is  to  provide  a 
means  for  varyinq  the  crystal  current 
while  at  the  same  time  providing  a  nearly 
constant  output  signal.  The  oscillator 
circuit  itself  is  of  conventional  Colpitts 
design. 


The  thermal  control  electronics  is 
conventional  in  design  except  that  the 
thermistors  are  of  the  bead  type  sealed  in 
a  glass  capillary  package.  This  type  of 
thermistor  was  srlected  because,  of  its 
superior  long  term  stability.  The 
thermal  aging  rate  for  the  oscillator  is 
expected  to  be  less  than  20  mK/year  after 
a  short  stabilization  period. 


SIMPLIFIED  SCHEMATIC 
VARIABLE  GAIN  AMPLIFIER 


CONTROL  1  CONTROL  2 


Figure  16 


Crystal  operating  temperature  can  be 
adjusted  coarsely  by  orienting  the  shell 
to  select  one  of  two  control  thermistors 
which  correspond  to  high  and  low  ranges  of 
operation.  Fine  control  to  a  resolution 
of  a  few  millidegrees  K  is  provided  by  a 
precision  multi-turn  potentiometer.  Cali¬ 
bration  accuracy  of  the  potentiometer  is 
about  . 1 °K . 

Average  short  term  stability  for  a 
number  of  oscillators  is  shown  in  the 
curves  of  figure  17  and  18.  Figure  17 
shows  the  Allen  variance  as  a  function  of 
averaging  time  with  constant  crystal  cur¬ 
rent.  Figure  18  shows  the  Allen  variance 
as  a  function  of  crystal  current  with  the 
averaging  time  held  constant.  These  re¬ 
sults  were  obtained  using  a  fundamental 
AT-cut  resonator  which  is  more  susceptible 
to  perturbations  from  the  electronics  than 
overtone  resonators. 


SHORT  TERM  STABILITY  FOR 
1  MA  CRYSTAL  CURRENT 


T=  1  SECOND 


Figure  18 
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Introduction  -  N0AA7  launched  in  May,  1980,  is  still 

operating 


This  paper  presents  data  on  precision  Quartz 
Oscillators,  VCXO's,  and  Crystal  Filters,  with  a 
detailed  comparison  of  the  data  accuaulated  on 
these  devices  over  a  six-month  period  prior  to 
launch,  and  the  data  that  has  been  accumulated  in 
up  to  two  years  In  orbit  on  the  TIROS  N  Platform. 
In  correlating  the  data,  we  are  trying  to  es¬ 
tablish  baseline  ground  testing  to  more 
accurately  predict  performance  of  critical  quartz 
devices  in  an  orbital  environment. 

Orbital  data  is  available  for  the  Ultra 
Stable  Quartz  Oscillator  as  It  is  possible  to  re¬ 
construct  this  frequency  data  from  the  informa¬ 
tion  received  from  the  satellites. 

A 

System  Description 

The  operational  Argos  System  is  used  for  the 
collection  of  meterologlcal  data,  and  the  loca¬ 
tion  of  transmitting  beacons.  These  beacons 
continuously  sample  meteorological  Information. 


A  computer  center  situated  in  Toulouse 
(France)  processes  all  the  Information  from  the 
Argos  system  and  transmits  the  results  to  the 
users. 

A  block  diagram  of  the  Argos  system  Is  shown 
in  Figure  3.  The  received  signals  from  the 
beacons  are  distributed  through  various  channels 
to  be  decoded  through  the  logic  circuitry  and  to 
determine  location  and  meteorological  information 
for  retransmission  back  to  the  earth. 

Figure  4  Is  a  more  detailed  block  diagram  of 
the  receiver  section.  The  Ultra  Stable 
Oscillator  (OUS),  Voltage  Controlled  Crystal 
Oscillator  (VCXO),  and  Crystal  Filters  are  shown 
in  this  block  diagram.  As  can  be  seen,  the  VC.vj 
and  OUS  are  operated  In  an  open  loop  configura¬ 
tion,  and  therefore  require  precise  frequency 
stability  in  order  to  maintain  system  perform¬ 
ance. 


It  is  a  random  access  system,  which  means 
that  each  beacon  broadcasts  at  regular  intervals. 
This  message  Includes  both  a  pure  carrier  and  a 
modulated  carrier. 

Independent  of  other  beacons,  the  system  de¬ 
tects  the  beacon  location  and  collects  informa¬ 
tion  from  several  thousand  beacons  dispersed 
around  the  world.  The  system  capacity  Is  as 
follows : 

-4000  with  data  collector  and  beacon 

location  determination 

-16000  with  data  collection  only 

Figure  1  shows  the  physical  configuration  of  the 
Argos  system.  Figure  2  shows  the  location  of  ten 
(10)  permanent  beacons. 

The  Argos  system  was  conceived  and  built  In 
France.  It  is  installed  aboard  the  American 
Meteorological  Satellite  of  the  TIROS  N  series. 

-  TIROS  N  launched  In  October,  1978,  had  a 
life  of  29  months 

-  N0AA6  launched  In  June,  1979,  Is  still 
operating 


Frequency  Calculation  of  the  Orbiting  OUS 

Orbltet  Beacons 

The  Argos  System  Includes  ten  reference 
beacons  for  the  orbit  calculation  of  the  TIROS  N 
satellite  series. 

One  of  the  beacons  situated  in  Toulouse  is 
also  used  as  a  time  and  frequency  reference. 
This  beacon  is  driven  by  a  Cesium  Standard  from 
the  CNES  Meteorological  Laboratory.  C.N.E.S.  is 
the  French  Space  Agency,  Centre  National  Etudes 
Spatiales.  This  broadcast  frequency  is 
F  -  401,650,000  MHz. 

OUS  Frequency 

The  frequency  of  the  onboard  OUS  is  tracked 
every  day  for  each  satellite  during  the  orbit 
calculation.  An  orbit  calculation  provides  a 
simultaneous  estimation  for  the  orbit  parameters 
from  one  satellite,  and  for  the  frequency  offsets 
of  the  reference  beacons,  A  classical  method  of 
Root  means  square  is  used.  In  this  method,  all 
the  frequency  data  points  collected  by  the  satel¬ 
lite  from  all  the  reference  beacons  during  the 
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list  three  days,  are  used,  (Thus  300U  to  4000 
J.'iti  points  provide  a  good  geometric  mean. 

All  frequency  data  Is  measured  with  the  same 
multiplication  factor  which  Is  the  ratio  between 
the  true  value  of  the  OUS  Frequency  (unknown)  and 
the  la.*t  frequency  estimation  recorded  on  the 
ground.  Knowing  the  broadcast  frequency,  a 
t requeue y  offset  Ay  is  estimated  for  the  Toulouse 
beacon.  This  enables  us  to  determine  the  multi¬ 
plication  factor. 

The  accuracy  of  this  estimation  is  better 
than  2.5  x  10*^  at  2£.  This  precision  is 
correlated  to  the  global  quality  of  the  orbit 
calculation. 

Quartz  Devices 

Both  quartz  oscillators  and  crystal  filters 
wore  manufactured  for  the  Argos  system.  Figure  5 
defines  each  of  the  quartz  crystal  devices  and 
some  of  the  pertinent  operational  parameters. 

Figure  6  shows  a  drawer  of  the  TIROS  N 
Transponder  into  which  the  OUS,  one  of  the 
VCXU's,  and  a  59  MHz  crystal  filter  are 
installed . 

Figure  7  is  another  PC  card  in  which  another 
VCXO  and  59  MHz  crystal  filter  are  also 
installed . 

Performance  Test 

Comparisons  were  made  of  the  data  taken 
during  acceptance  testing,  during  installation 
into  the  satellite,  and  during  actual  orbit 
conditions  to  determine  the  consistence  of  these 
characteristics. 

Figure  8  shows  aging  data  for  OUS  Model  PF1 
which  went  through  acceptance  testing  in 
February-March »  197  b,  and  was  put  into  orbit  in 
October,  1978.  Aging  data  through  1979  and  1980 
shows  that  the  initial  aging  of  -7.7  x 
10'11/day  which  was  achieved  during  accep¬ 
tance  testing  correlates  well  to  the  -4.2  x 
H.rl  1  'day  achieved  in  orbit. 


Figure  9  which  shows  the  aging  on  OUS  PF3 
shows  that  during  acceptance  testing  in  October 
of  197b,  the  aging  was  -8.7  x  10"^/day. 

This  system  was  launched  into  orbit  in  July,  1979 
and  through  1980  and  1981  exhibited  an  aging  at 

-5.5  x  10_11/day. 

Figure  10  which  is  for  OUS  F7  shows  a 

positive  aging  of  +8,4  x  10~^/day  during 
ATP  in  September,  197  7.  It  was  launched  into 

orbit  in  June,  1981,  and  shows  an  aging  rate  that 
has  flatened  to  1  x  10“^/day. 

A  series  of  additional  oscillators  which 
have  not  yet  been  launched  have  been  kept  in 
storage  and  periodically  turned  on  after  2,  4,  or 


6  months  for  a 

per  lod 

of 

five 

days 

to 

obtain 

frequency  measurements 

. 

The 

data 

for 

t  he  se 

oscillators  is 

shown 

in 

Figure 

n. 

1U”I2 

and 

shows 

aging  rates 

1.8  x  10"u/day. 

from 

1.5  x 

/day 

to 

Aging  data 

on 

the 

VCXU's 

cannot  be 

determined  when 

the 

systems 

are 

in 

o. ji t • 

However,  from  the  continued  successful  operation, 
it  can  be  determined  that  they  are  operating 
within  their  specification  limits. 

Figures  12  and  13  show  aging  data  on  the 
ARGOS  MVb  and  MV7  systems  \<AUch  were  taken  on 
these  VCXU's  prior  to  their  launch.  These  show 
aging  charac ter  1st ics  well  within  their  speci¬ 
fication  requirements. 

Summary 

The  testing  that  has  been  performed  on  the 
quartz  devices  for  the  ARGOS  System,  and  in 
particular  on  the  Ultra  Stable  Quartz  Crystal 
Oscillator  has  indicated  that  precise  frequency 
aging  characteristics  can  be  determined  with  the 
appropriate  type  of  acceptance  testing.  In 
particular,  three  Ultra  Stable  Crystal 
Oscillators  vfaich  we  have  received  adequate  long¬ 
term  data  in  orbit  have  shown  that  the  aging 
magnitude  and  polarity  agree  with  those 
determined  many  years  prior  during  acceptance 
testing,  and  this  testing  can  be  used  to  model 
frequency  drift  characteristics. 
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Figure  3  ARGOS  System  Block  Diagram 
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Figure  4  Rece*  ;r  Section,  Detailed  Block  Diagram 


Figure  5  Quartz  Crystal  Device  Parameters 
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Figure  8  OUS  Model  PF1,  Aging  Data 
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Figure  9.  OUS  Model  PF3.  Aging  Data 
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Figure  10.  OUS  Model  F7,  Aging  Data 


Figure  11.  Oscillators  in  Storage,  Aging  Data 
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Figure  12.  ARGOS  MV6  VCXO,  Aging  Data 
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Figure  13.  ARGOS  MV7  VCXO,  Aging  Data 
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Abstract 


This  paper  provides  an  overview  of  Bell 
Lab's  experience  in  applying  computers  to 
modeling  and  design;  to  data  acquisition; 
to  data  analysis;  to  component  selection; 
and  to  other  miscellaneous  tasks. 

In  the  past,  quartz  crystal  oscillators 
could  be  modeled  most  easily  using  linear 
circuits  models.  Although  non-linear 
models  exist  (e.g.,  SPICE,  CAPITOL,  etc.), 
they  could  not  be  used  to  make  a  closed 
loop  analysis  of  crystal  oscillators 
because  of  the  high  0  involved.  Recently, 
however,  the  WATAND  program  developed  by 
the  University  of  Waterloo  has  become 
available  and  allows  closed-loop  non¬ 
linear  analysis  of  quartz  crystal 
oscillators.  Both  linear  and  non-linear 
analysis  programs  are  being  used  at  Bell 
Labs  to  evaluate  new  designs  with 
particular  attention  being  paid  to  the 
effect  of  component  variations  on 
manufacturability. 

y] 

The  primary  data  acquisition  task 
performed  by  the  computers  is  taking 
frequency  temperature  measurements  on 
TCXOs  •  An  additional  application  is  the 
final  room  temperature  checkout  of 
oscillators  to  determine  waveform 
charac ter ist ics,  power  consumption,  power 
supply  sensitivity,  and  pulling  range  (for 
VCXOs) .  Real  time  component  selection  is 
used  to  aid  in  selecting  resistor 
combinations  to  match  the  values 
determined  from  the  analysis  of  the 
temperature- run  data.  In  VCXOs  and 
TC VCXOs ,  real  time  component  selection  is 

used  to  set  varactor  operating  points  to 
optimize  frequency-voltage  pulling 
characteristics. 

Other  uses  include  statistical  analysis  of 
performance  data  to  project  manufacturing 
yields;  simulation  of  digital  compensation 
schemes  using  A/D  and  D/A  converters 
interfaced  to  a  microprocessor  based 
computer;  and  simulation  of  the 


temperature  performance  of  doubly  rotated 
crystal  cuts. 


I.  Introduction 


Computer  aids  are  being  used  increasingly 
in  the  design  and  assembly  of  oscillators 
for  the  Bell  System.  At  present,  the 
oscillator  design  and  development 
organization  uses  5  desktop  computers,  1 
mini  computer,  and  2  timeshared  systems. 
Computers  have  been  applied  to  modeling 
and  design,  to  data  acquisition,  to  data 
analysis,  to  component  selection,  and  to 
other  miscellaneous  tasks.  This  paper 
will  provide  an  overview  of  our  experience 
in  applying  computers  in  these  areas. 


I I .  Model ing  and  Design 

In  the  past,  quartz  crystal  oscillators 
could  be  modeled  most  easily  using  linear 
circuits  models.  Although  non-linear 
models  exist  (e.g.,  SPICE,  CAPITOL,  etc.), 
they  could  not  be  used  to  make  a  closed 
loop  analysis  of  crystal  oscillators 
because  of  the  high  0  involved.  The  top 
part  of  Figure  1  shows  schemat ical 1 y  a 
basic  crystal  oscillator  with  an  amplifier 
and  a  crystal  in  the  feedback  loop. 

Recall  that  in  a  real  oscillator  the 
amplifier  must  be  non-linear  or  else  the 
oscillators  would  grow  to  infinite  size. 
Therefore,  a  realistic  model  of  the 
oscillator  should  include  non-linearities. 
A  conceptually  simple  way  to  model  this 
oscillator  is  to  model  each  individual 
component  in  the  amplifier  as 
r  ?<.  stically  as  possible  and  then  connect 
these  individual  components  in  a  circuit 
modeling  program  such  as  FPICF  or  CAPITOL.. 
The  oscillator  can  be  started  in  the  r-o-vi 
by  turning  rhr  power  on,  by  closing  th* 
loop  instantaneously,  at  t=C,  or  by 
exciting  it  with  a  size  wave  that  is 
removed  at  t=0.  The  oscillators  will  then 
build  up  through  some  initial  transient 
period  and  finally  settle  down  to  a  steady 
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COMPUTER  MODELLING  OF  OSCILLATORS 


A  NON-LINEAR  MODEL  :  EG  SPICE 


STEADY  STATE 


B  OPEN-LOOP  LINEAR  MODEL:  E  G.  LINCAD 
CANNOT  MODEL  NON-LINEAR  ELEMENTS 
SUCH  AS  TRANSISTOR  AND  VARACTOR 

Fiq.  ]  Computer  Modeling  of 

Oscillators.  Shown  in  the 
upper  part  of  the  figure  is  a 
simplified  schematic  of  an 
oscillator  including  the 
amplifier  and  quartz  crystal. 
The  lower  middle  part  of  the 
fiqure  shows  how  a  non-linear 
model  such  as  SPICE  can  model 
the  startup  of  an  oscillator 
containing  non-linear  circuit 
elements.  An  open  loop  linear 
model  such  as  LINCAD  cannot 
model  non-linear  elements  such 
as  the  transistor  and  varactor. 


The  basic  features  of  the  system  are  that 
it  allows  non-linear  elements  much  like 
SPICE  or  any  other  non-linear  analysis 
proqram;  and  that  it  uses  iterative 
extrapolation  to  find  the  steady  state 
solution  to  periodically  varying 
wavefo  rms . 

The  way  it  does  this  is  shown 
schemat ical ly  in  the  lower  part  of  Figure 
2.  P.asically  it  starts  up  either  by 
building  up  from  zero  or  by  starting  from 
some  guess  as  to  the  initial  state.  The 
program  integrates  the  waveform  through 
several  cycles  until  it  detects  a  pattern 
and  then  it  extrapolates  to  where  it 
expects  the  waveform  is  headed.  It  again 
integrates  through  several  cycles  and 
extrapolates  again. 

WAT AND 

( WATERLOO  ANALYSIS  AND  DESIGN ) 

A  ALLOWS  NON-LINEAR  ELEMENTS 

B  USES  ITERATIVE  EXTRAPOLATION 
TO  FIND  STEADY  STATE 


STARTUP  /  INTERMED  /  STEADT 

(  STATE  /  STATE 


The  only  problem  is  that  for  a  quartz 
crystal  oscillator  with  a  0  in  the 
thousands,  the  approach  to  steady  state 
can  take  many  cycles. 

The  traditional  solution,  is  to  linearize 
the  circuit  model  in  some  way  and  then 
apply  the  gain  and  phase  criteria  namely 
that  the  qain  he  greater  tgan  1  at  some 
point  where  the  phase  is  0  .  Fut  then  we 
cannot  model  the  effects  or  the  non-linear 
elements  Such  as  the  transistor  and  the 
varactor,  at  least  not  in  a  straight 
forward  way. 

After  examining  a  number  of  different 
possible  solutions  to  this  problem,  we 
discover  the  WATAND  proqram  which  stands 
for  the  '^'a£ei;loo  Analysis  and  Design 
Proqram.  '  '  This  was  developed  by  the 
University  of  Waterloo  in  Waterloo, 
C.r.t’rio,  Canada  and  is  available  on  a 
dial-up  time-shared  system. 


EXTRAPOLATIONS 


Fig.  ?  The  WATAND  (Waterloo  Analysis 

and  Design)  computer  model 
allows  non-linear  circuit 
elements  apd  uses  iterative 
extrapol at  ion  to  find  the 
steady  state  solution.  The 
lower  part  of  the  figure 
illustrates  the  extra polation 
process. 


It  keeps  extrapolating  until  no  further 
changes  are  detected,  tha*  is,  until  the 
voltage  and  current  on  one  cycle  are 
exactly  the  same  as  the  voltage  and 
current  one  cycle  later. 
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STEAOV  STATE  VOLTAGE  ANO  C  jRAE 6  T  -  OKil  OSCil-ATOR 


Fiq.  3  Output  of  WATAND  showing  the 

voltage  on  the  crystal 
capacitance,  Cj,  as  a  function 
of  the  current  in  the  crystal 
inductance,  Lj .  The  program 
integrates  around  the  ellipses 
labeled  1,  until  it  has 
established  a  pattern  that 
allows  it  to  extrapolate  to  the 
ellipses  labeled  2.  The  final 
steady  state  solution  is  given 
by  the  ellipses  labeled  3. 


Figuie  3  shows  a  plot  of  the  voltage  on  C, 
the  crystal's  series  capacitance,  as  a 
function  of  the  current  in  L,  the 
crystal's  series  inductance.  The  program 
starts  at  the  extreme  left  of  the  outer 
ellipse  with  some  initial  guess  for  the 
current  and  integrates  around  several 
cycles.  Th >  program  then  extrapolates  to 
curve  2  and  again  integrates  for  several 
cycles.  in  this  case,  it  has  overshot 
slightly  and  needs  to  correct  back  to 
curve  3.  While  integrating  around  curve 
3,  the  program  finds  (in  this  example) 
that  the  steady  state  criteria  have  been 
satisfied,  and  it  is,  therefore,  done. 

Figure  4  shows  the  final  state  waveform 
for  the  oscillator  at  the  output  of  the 
oscillator  stage.  It  should  he  pointed 
out  that  this  modeling  was  done  on  an 
integrated  circuit  oscillator  chip  that 
has  not  yet  been  fabricated,  and  that  to 
be  able  to  view  the  final  steady  state 
waveform  anywhere  in  the  circuit  before 
committing  to  silicon  is  very  valuable  to 
the  integrated  circuit  designer. 


FINAL  STATE  WAVEFORM  -  OXIL  OSCILLATOR 


Fig.  4  Final  state  waveform  for  the 

oscillator  stage  output  in  an 
integrated  circuit  oscillator. 
This  waveform  was  obtained 
before  the  design  was  committed 
to  silicon  and  was,  therefore, 
extremely  valuable  to  the 
circuit  designers. 


III.  Data  Acquisition 


The  primary  data  acquisition  task 
performed  by  the  computers  is  taking 
frequency  temperature  measurements  on 
TCXOs.  This  involves  both  an 
uncompensated  temperature  run  to  obtain 
data  for  selecting  the  resi sto r- the rm  i  sto r 
network  and  ?  final  temperature  run  to 
confirm  the  actual  performance.  Miniature 
and  ovenized  oscillators  are  also 
temperature  tested  under  computer  control. 
An  additional  application  is  the  final 
room  temperature  checkout  of  oscillators 
to  determine  waveform  characteristics, 
power  consumption,  power  supply 
sensitivity,  and  pulling  range  (for 
VCXOs )  . 


IV .  Da  ta  Analysis  and  Component  Fie]  net  ion  , 
TCXOs 

The  primary  data  analysis  task  performed, 
by  the  computers  is  analysis  of  the 
uncompensated  TCXO  data  to  determine  the 
optimum  resi sto r- the rm i sto r  network. 

Real  time  component  selection  is  used  to 
aid  in  selecting  resistor  combinations  to 
match  the  values  determined  from  the 
analysis  of  the  temperature- run  data. 
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in  T CVCXOs 


In  VCXOs  and  TCVCXOs,  real  tine  component 
selection  is  used  to  set  varactor 
operating  points  to  optimize  frequency- 
voltage  pulling  cha r ac to r i st ics . 

The  top  part  of  Figure  5  shows  a  typical 
circuit  configuration  for  a  TCVCXO  with 
one  varactor.  The  temperature 
compensation  voltage  is  derived  from  a 
network  of  resistors  and  thermistors  to 
approximately  cancel  out  the  temperature 
dependence  of  the  crystal  and  other 
oscillator  components.  The  control 
voltage  for  adjusting  the  oscillator 
frequency  is  fed  to  the  other  side  of  the 
varactor  and  is  derived  from  an  external 
control  voltage  by  attenuating  it  and 
offsetting  it  with  a  resistor  network. 
Thus,  the  net  voltage  across  the  varactor 
is  the  difference  between  the  temperature 
compensating  voltage  and  the  control 
vol tag  e . 


TCVCXO  WITH  1  VARACTOR 


Fig.  e>  TC  VC XO  with  1  vara'tur.  The 

top  part  of  the  figure  r-1  ows  a 
common  con f i q ur a  *  i  on  for  a 
TCVCXO  with  ore  varactor.  The 
lower  cart  of  the  fiq.ire  shows 
schematically  how  *►>,. 
temperature  compensation 
voltage  an-*  -ontrol  volt  age 
interact  to  l  i  r—  i  *  cr<*.-islnm 
I  rap  text'. 


This  scheme  works  well  for  moderate 
precision  TCVCXOs ,  but  there  is  a  |roblcm 
if  high  precision  and/or  a  wide  pulling 
range  are  needed.  The  cause  of  this 
problem  is  shown  in  the  lower  part  of 
Figure  5.  The  vertical  axis  is  varactor 
-upacitance,  and  the  horizontal  axis  is 
the  net  voltaqe  across  the  varactor.  What 
is  indicated  schematically  by  the  arrows 
is  that  for  one  setting  of  the  control 
voltage,  V^,  variations  in  the  temperature 
voltaqe  moves  the  varactor  capacitance 
along  one  part  of  the  curve.  For  another 
setting  of  the  control  voltage,  V  ,  it 
moves  along  a  different  part  of  the  curve. 
It  is  possible  to  optimize  the  temperature 
compensation  for  one  or  the  other,  but  not 
both,  and  in  the  end,  it  is  necessary  to 
make  some  sort  of  compromise. 

Figure  h  shows  one  way  of  improving  the 
performance  of  TCVCXOs.  That  is,  to  use 
two  varactors  so  that  instead  of  adding 
voltages  (which  translates  into  frequency 
change  in  a  non-linear  way) ,  the  circuit 
is  adding  reactances  which  translate  more 
1 i nea  r 1 y . 

TCVCXO  WITH  2  VARACTORS 


XTAL 


TEMPERATURE  VOLTAGE 

Fiq.  '  T  CVrXh  with  ?  varactors.  An 

improve^  ron  f  i  q  ur  a 1  i  on  for 
T^V^X^s  jses  7  varan tors  so 
that  reactance  r.^^cr  t  *  a n 
voltaqe  is  he  i  rq  Th^ 

lower  part  of  t  K  ^  fin  ire  shows 
how  the  f  r^ancrry  c  r  i  t  ■'*  r  i  or  car. 
be  satisfied  for  ■»  r,  i  r, r  i  "  i  t 
combination  of  ’onto,  i  **o  1  t  an 
nni  temperature  r.  s  •  t  i  (>- 

voltages  ' s**e  t  cv r '  . 
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The  problem  with  this  scheme  is  that  it 
produces  an  added  degree  of  freedom. 

Namely  the  capacitance  of  one  of  the 
varactors  can  be  made  smaller  as  long  as 
the  capacitance  of  the  other  varactor  is 
made  larger  in  a  compensating  way.  Thus, 
there  is  an  infinite  number  of  equivalent 
solutions  to  setting  the  frequency  on 
target.  The  lower  part  of  the  figure 
shows  schematically  how  the  frequency 
varies  as  a  function  of  the  temperature 
voltage  for  a  series  of  3  control  voltage 
settings.  We  can  see  that  for  putting  the 
oscillator  on  frequency  all  three  of  the 
points  that  correspond  to  f»0  are  on 
frequency. 

what  is  needed  is  an  additional  criteria 
to  select  among  the  possible  choices.  In 
fact,  there  are  two  other  properties  that 
we  would  like  to  optimize:  These  are  that 
the  frequency-temperature  voltage  pulling 
curve  should  be  such  that  it  will  give  us 
the  best  possible  curve  for  temperature 
compensation  and  that  the  changes  in 
frequency  with  control  voltaqe  should  be 
as  linear  as  possible  over  the  pulling 
range. 

Our  experience  with  laboratory  models 
indicated  that  searching  out  the  frequency 
voltage  space  manually  and  trying  various 
combinations  of  temperature  voltage  and 
control  voltage  could  take  several  hours 
of  an  engineer's  time  per  oscillator. 

To  improve  the  throughput,  the  process  was 
computerized  using  a  Hewlett  Packard  9825 
desktop  computer.  The  computer  first 
measures  the  frequency  voltage 
charac ter i st ics  for  both  the  temperature 
and  control  voltages.  It  then  uses  an 
algorithm  to  search  for  the  optimum 
operating  point  for  both  voltages,  and 
finally  it  computes  the  resistor  values 
for  the  control  voltage  network  to  place 
it  where  desired.  After  these  resistors 
ate  installed,  the  initial  (uncompensated) 
heat  run  of  the  oscillator  is  made. 

Using  the  computer  for  selecting  the 
operating  point  has  3  main  advantages: 

1.  It's  faster:  a  few  minutes  vs.  a 
few  hours  by  hand. 

?.  It  can  be  done  by  a  relatively 
unskilled  operator  under 
manufacturing  conditions. 

3.  It  produces  a  more  uniform 
product . 


VI  . 


Other  Applications 


VI. A.  In  design,  we  have  been  using  a 
linear  eon;  ut.er  model  to  study  the 


temperature  effects  and  how  individual 
components  affect  the  oscillators 
stability.  In  our  work  so  far,  we  have 
found  that  inductors  and  varactors  can 
have  an  effect,  but  capacitors  and 
transistors  so  far  appear  to  be  ok. 

VI. B.  A  second  design  category  is  the 
traditional  one  of  determining  component 
sensitivity.  For  this  we  have  been  using 
both  linear  and  non-linear  models.  for 
the  components  studies  so  far,  both 
methods  are  in  agreement  and  agree  fairly 
well  with  experimental  measurements. 

VI. C.  Another  application  is  simulation 
of  digital  compensation  where  our  main 
interest  has  been  developing  algorithms 
for  TCVCXOs  which  will  compensate  for  the 
interaction  between  the  temperature 
voltage  and  the  control  voltaqe. 

VI . D.  We  have  developed  a  program  for 
simulating  the  temperature  performance  of 
doubly  rotated  cuts  so  that  we  can 
optimize  the  angles  for  a  given 
temperature  range  and  so  that  we  can  study 
the  effect  of  angle  tolerances  on 
temperature  stability. 

VI. E.  Finally,  we  use  our  computers  for 
statistical  analysis  of  data.  As  with  th-> 
final  checkout  data,  most  of  our  data  is 
stored  on  tape  or  disk  for  later  analysis 
of  overall  performance  to  provide  a  data 
base  for  future  desigr.s  and  to  provide 
estimates  of  manuf act ur i ng  yields. 


VII.  Conclusion 


We  have  been  using  computers  increasingly 
in  oscillator  design  and  assembly  and  find 
that  computers  help  greatly  in  meeting 
today’s  tighter  performance  requirements 
and  needs  for  increased  produc t i v i t y . 
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We  have  investigated  some  improved  ring- 
supported  (r-s)  resonators.  These  resonators  show 
promise  of  providing  high  precision  frequencies 
for  a  wide  temperature  range  and  static  and  dyna¬ 
mic  forces  encountered  in  the  field. 

In  this  paper,  we  report  the  experimental 
results  of  the  temperature  and  force  effects  for 
the  improved  ring-supported  resonators. 

These  resonators  are  ring-supported  and  made 
from  bi- convex  quartz  and  from  concavo-convex 
quart:  in  a  suitable  contour  form.  The  frequency- 
temperature  characteristics  of  these  resonators 
arc  measured  over  a  wide  temperature  range,  -196°i: 
—  +loO°C.  Fortunately,  it  is  seen  that  the  re 
suits  of  the  improved  r-s  concavo-convex  quart: 
show  excellent  frequency  stability.  . 

/ 

We  also  discuss  how  the  qual i tv ' factors  de¬ 
pend  on  the  contour  forms  of  the  improved  r-s 
resonators . 

Through  these  optimum  designs  of  the  improved 
r-s  resonators,  we  can  further  predict  the  form  of 
stable  and  precise  resonators. 

key  Words:  Precision  frequency,  frequency- tempera¬ 
ture  characteristic,  force- frequency  effect,  im¬ 
proved  r-s  bi -convex  quart:,  improved  r-s  conca¬ 
vo-convex  quart:. 

I nt  roduc t ion 

It  has  long  been  known  that  the  resonance 
frequency  of  a  crystal  vibrator  shifts  when  it  is 
subjected  to  an  externally  applied  force.  The  ef¬ 
fects  seem  to  be  responsible  for  deformation  of 
the  crystal  and  thermal  shock  due  to  the  static 
and  dynamic  forces  encountered  in  field  use.  In¬ 
sensitivity  to  these  static  and  dynamic  forces  is 
one  of  the  main  prob’ems  encountered  when  attempt¬ 
ing  to  make  practical  resonators.  In  order  to 
solve  it  we  have  investigated  some  crystal  reso¬ 
nator  configurations  that  are  referred  to  as 
grooved  and  r-s  resonators.  These  resonators  are 
provided  withthehigh  precision  frequencies  misled 
for  the  stat  i  ind  dynamic  forces  in  severe  environ 
mint-'.  To  obtain  the  best  quality  factors  n,  Those 
resonators  it  is  clvarl>  de-irable  to  improve  them. 
In  '-rder  to  improve  the  ilia  I  1 1  >  f.iv*  »■!•*•,  certain 
configurations  of  1 1 .«  resonators  art  proposed,  Die 


configurations  are  the  r-s  bi- convex  quart:  or  the 
r-s  concavo-convex  quartz  in  a  suitable  contour 
form,  as  shown  in  Fig.l.  In  these  experiments, 
frequency-temperature  effects  of  these  resonators 
are  measured  over  a  wide  temperature  range,  -196 
°C — +160°C.  Further,  the  force-frequency  effects 
are  described.  The  experimental  results  indicate 
that  excellent  frequency-temperature  and  force- 
frequency  effects  .‘fiould  be  able  to  be  obtained 
in  the  near  future. 

(leometrical  Forms  of  The  Resonators 

In  order  to  improve  the  quality  factors  of 
the  conventional  r-s  resonators,  new  configura¬ 
tions  of  the  resonators  are  proposed,  fig.l  shows 
a  conventional  r-s  bi-convex  resonator  B i - 1  and 
a  conventional  r-s  concavo-convex  resonator  (Y.-l. 
The  latter  in  particular  is  very  useful  for  ap¬ 
plications  having  acceleration  directed  toward  the 
center  of  the  curve.  Fig.  2  shows  the  improved  r-s 
concavo-convex  resonator,  in  Fig. 2  the  two  cut 
sides  are  ground  parallel  to  the  z’-axis.  The 
wings  of  the  improved  r-s  resonators  make  both  the 
frequency-temperat  lire  and  the  force-frequency  char¬ 
acteristics  more  stable.  These  geometrical  forms 
will  provide  the  best  physical  properties  in  r-s 
resonators . 

Force-F requency  Ff feet s 

Fig. 3  shows  the  experimental  results  of  the 
force-frequency  effects  in  a  r-s  bi-convex  resona¬ 
tor  (AT- cut  Hi-1).  The  horizontal  axis  shows  the 
force  azimuth  angle  .  and  it  is  measured  from  the 
X  axis.  The  vertical  axis  represents  the  stress 
sensitivity  of  the  resonance  frequency.  The  dimen¬ 
sions  of  the  resonator  arc  shown  in  Fig.l.  The 
force  applied  is  22  1  grams.  The  resonance  fre¬ 
quency  i  s  the  3rd  harmonic  mode  and  is  ‘’.-1191)1 
MH:  at  23°(\  From  Fig. 3,  it  is  seen  that  the  maxi¬ 
mum  frequency  shift  is  about  one  third  that  of  tin 
reference  M -cut  plate  and  that  the  points  of  :nv 
pressure  effect  arc  about  v-5Sft  and  .=-122°. 

Similarly,  Fig.l  shows  the  experimental  re¬ 
sults  .i,  the  force- frequency  effects  in  t  lie  r-s 
concavo-convex  resonator  (VI -cut  u  - 1 l .  Ihe  dimen¬ 
sions  of  this  resonator  are  shown  on  Fig..*..  Fhe 
force  appl  led  is  360  grams.  The  resonance  frequen¬ 
ce,  is  the  3rd  harmonic  mode  and  is  1 2 .315671  Mil " 
at  23tV.  In  1  ig.l  the  solid  line  shows  the  measur¬ 
ed  values  and  the  dashed  line  shows  the  estimated 
curie.  The  zero  procure  effect  appears  at  about 
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i  I-  >  .  .-..3  apd  \  i*  is  i\l  that  the  po- 

;  t  -i  ;  -•  i  mi  of  tlu  :!uxii!iii;:i  f  requ-.  iu  y  shift  t'oin- 
v  ui;  -  the  \  axis  and  the  noi:at  i\i-  point  of 

tia-  ai:!  f  i  Vv}ue*n  cy  -hi  ft  is  on  the  :  1  axi>. 

re  .uli  ■'  arc  similar  to  those  for  tin  ct'nvon- 
l  : ,  ■ ,  .1 1  :  c  ivncc  AT --out  resonators.  As  we  know, 

•he  affects  for  diametric  pressures  depend  on 

:  he  •  it  -  :ii>: los  of  crystals.  In  these  resi  .ators, 
hc.ei  ,  i*  i  found  that  the  :*ero  effects  for  di- 
i.ctn..  i  are  almost  independent  of  the 

i . •  ?*::  -t  t  he  v  ain  surfaces. 

I  re  •.Hi  e  n  c  y  S pe  c  t  ra 

j  i *  iiow>  the  CT-1  crystal  resonator  and 
;t  -  i  reMaenc>  spectra  at  The  frequency  mode 

tauTncss  ii oration  c  mode.  The  tails  of  the 
-  .  w :  j-ixlc  film-  are  set  at  about  23°  from  1  axi-. 
I  •;*•  -e  r  * . :  :  •  •  : t  i.*>b  itio:io  near  the  ..e*ro  effect  of 


iiow-'  tiie  i:.;  roved  ■ ' c  -  j  ’  cry -til  •  - 
..it  .  ..  .  •  •  i  :  •«sj.i!-:ic\  ;«cTra  at  2.i°f .  I  he  -id-. 

■  •  *  •.  ::  ;  :  *w.i  r.l  *  N.  \  iM'  ground  ;*..-ralie. 

’  j\!-  as  eiowri  in  t  i.<  figure.  it  i- 

:  i .  T  t  ’  '  I  T  >  of  re!  on-  tor  tin-  f;it:d:i:: *  I  !  .1  : 

••'i.'-  -a-i  h.-raMv  stroi-yer  th.in  trie  id- 1  .  r  - 

•  l  hi  vt  -i'onse  in  tiie  case  of  the  3rd  h.ir- 
'■  ■ '!;  i  c  v.o.je  i  >  the  same. 

'm  :i:  i  l  a  r  1  >  ,  l*ig.~  shows  the  improved  eX- 1 
t  il  and  its  frequency  spectra  at  23°C.  hot., 
sides  of  the  frame  toward  X  axis  are  ground  paral¬ 
lel  to  the  : 1  axis  as  shown  in  the  tigure.  I  lie  Q- 
value  for  the  fundamental  mode  is  very  low,  hot 
t  hr  one  for  the  ard  harmonic  is  somewhat  higher. 

I  he  3rd  harmonic  mode  is  a  clean  response-  from 
these*  facts  ;t  is  found  that  the  cutting  toward 
tiie  \  ;i.\i  .•  shown  in  Fig.  7  is  effective  in  increas¬ 
ing  the  value  of  the  iX-1  crystal. 

!  re-aivn c\  -  romper. it utv  char i,  t  eri  st  ics 

::  ca re  the  f  reepien  cy  - 1  empo  rat  lire  charac 
t.eristM-,  an  ov-‘n  filled  wit  .  liquid  \  j  is  used. 

•  he  teperature  of  the  over,  i  exact  l  v  controlled 
with  a  voltage  t v pe  regulator  on  the  heater  over  a 
wide  range  -1. *it«U°C. 

!  ;g.s  shows  the  frequency- temperature  charae- 
ter:--tis*-  of  the  r-s  Bi-1  crystal.  The  hor  i  cont  a  l 
ax :  •  represents  tin  temperature  scale,  and  the 
v-rtival  axi"  represents  the  normal iieu  change  in 
fr*  juciu  -  1  iie  radii  of  curvature  were  measured 
:c*i.  a « * r c  found  to  bo  t-u  mm.  The  thickness  of 
?  *  *.  :'ra:v-  and  tiiat  of  t  lie  enter  have  been  referr 

■  i  *  a  •  t  t  -e.  "u  and  the  3rd  harmonic 

■*:  *e-  f  re. pun*  it*'-  wer<*  measured  and  found  t* 

■  •  .  ;.*■;* it-.  y\[„  and  f- " .  U  "hid*  Mill  at  23°C,  re- 
••  r  *.  i  .  in  1  i .  -S ,  the  t requoncy- temperature 

'oiu  i  •:  .  an  ideal  >  ur*i  c  oirve  and  in  par- 

■  a!  »-  .  t  uria-enfs  pro::i-irw;  -:gn-  in  the  vi- 

f  r  *-  •* .  ?  ■■"-.per. IT  u  r»- . 

=  .*:!>,  I  i  s  ••  •’  arid  i  -  -how  the  frequeiicv - 
*  :  it  .:«■  mirac  ter  i  st  u  -  for  the  r-s  Hi -2  and 
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ABSTRACT 

The  fundamental  material  and  device  properties 
of  miniature  bulk  wave  resonators  have  been 
investigated  for  fundamental  mode  oscillator  control 
and  filter  applications  in  the  UHF  range.  The 
properties  of  al  uni  nun  nitride  in  the  composite 
resonator  geometry  and  in  an  edge-only  supported 
plate  configuration  are  reported. 

The  AIN  films  were  grown  in  a  DC  planar 
magnetron  sputtering  system  using  the  plasma 
reaction  between  sputtered  Al  from  the  target  and 
N-  in  the  plasma.  The  general  sputtering  con¬ 
ditions  were  as  follows:  substrate  temperature  = 
200’C,  atmospheric  gas,=  99.9991  Nitrogen,  sputter- 
inq  pressure:  1  x  10’J  torr,  DC  power  =  225  watts 
and  deposition  rate  =1.2  um/hr.  The  films  were 
evaluated  by  SEM,  x-ray  diffraction,  and  Auger 
electron  spectroscopy.  These  results  showed  that 
the  sputtered  AIN  films  have  a  highly  oriented 
structure  with  the  c-axis  normal  to  the  surface 
of  the  Si  substrate . 

For  a  resonator  composed  of  1.7  micron  of  AIN 
and  8  microns  of  Si,  the  resonant  responses  were 
measured  at  fundamental  frequencies  of  328.53  MHz 
for  series  resonance  and  328.61  MHz  for  parallel 
resonance.  The  electrical  Q  for  this  resonator 
was  about  7500.  Its  measured  temperature  coefficient 
was  about  -4ppm/C  from  -20’C  to  120  C.  For 
resonator  having  1.7  micron  of  AIN  and  6  microns 
of  Si,  the  temperature  coefficient  was  -6  ppm/C'. 

This  resonator,  with  electrical  Q  about  5000,  had 
a  fundamental  series  resonance  at  524.11  MHz  and 
parallel  resonance  at  524.45  MHz. 

Edge-only  supported  AIN  plates  have  been 
fabricated  using  microelectronic  semiconductor 
processing  techniques.  Plates  of  thickness  from 
1.0  to  7  urn  thickness,  having  areas  up  to  300  urn 
square,  are  supported  only  at  their  edge  in  contrast 
to  the  membrane  supported  films  reported  previously. 

A  typical  AIN  plate  of  6.5  urn  thickness  had 
fundamental  mode  resonances  near  790  MHz  with  a 
coupling  coefficient  of  10.  3'-.  The  temperature 
coefficient,  measured  over  the  range  -20  C  to 
200  C,  was  found  to  be  -20.5  ppm/  C. 

Recently,  c-axis  in-plane  ZnO  plates  have  been 
fabricated  with  epitaxial  character.  These  plates 
exhibit  a  shear  wave  resonance  which  implies  higher 
Q  resonance  and  a  simpler  mode  structure. 


I.  INTRODUCTION 

This  paper  describes  recent  results  on  temper¬ 
ature  compensated  composite  bulk  wave  resonators ' >2 
and  edge-only  supported  thin  film  resonators  using 
aluminum  nitride  as  the  piezoelectric  material. 

The  composite  resonator  structures  are  similar  to 
those  reported  previously  using  ZnO  films  on  Si 
membranes' >3-6.  Highly  overmoded  resonators  using 
piezoelectric  films  have  also  been  reported7>8 
with  some  performing  at  microwave  frequencies.^ 

Those  devices  that  employ  semiconductor  sub¬ 
strates  allow  established  selective  etching  pro¬ 
cessing  to  be  used  in  forming  precision  membranes 
and  associated  mechanical  structures.  Silicon  is 
a  particularly  attractive  substrate  for  its  mechan¬ 
ical  structural  properties^  as  well  as  offering 
the  eventual  integration  of  passive  resonators 
with  active  integrated  circuits.  We  are  also 
actively  investigating  GaAs  as  a  substrate  and 
have  obtained  edge-only  supported  AIN  plates 
similar  to  those  on  silicon. 

In  the  work  reported  here,  aluminum  nitride 
films  are  used  for  the  piezoelectric  region  rather 
than  zinc  oxide  due  to  its  mechanical  strength  and 
wider  range  of  chemical  compatabi 1 i ty.  The  AIN/Si 
composite  structure  also  exhibits  a  favorable 
temperature  coefficient  compared  to  traditional 
AT-cut  quartz.  This  geometry  is  described  in  more 
depth  in  Section  III. 

The  conventional  resonator  configuration  con¬ 
sists  of  a  thin  piezoelectric  plate  that  has  been 
cut  from  a  crystal  and  mechanically  reduced  to 
the  desired  thickness.  Recently,  thinner  plates 
and  higher  resonant  frequencies  have  been  obtained 
by  etching  or  ion  machining  techniques.''"”  The 
approach  reported  in  Section  IV  results  in  a  thin 
(1-10  micron)  piezoelectric  plate  which  is 
supported  only  at  its  edges.  The  plate  is  formed 
by  direct  growth  and  electrochemical  processing 
rather  than  by  mechanical  means.  In  this  study 
AIN  and  ZnO  c-axis  perpendicular  and  ZnO  c-axis 
in-plane  piezoelectric  plates  have  beer,  formed. 

II.  AIN  FILM  GROWTH  AND  CHARACTERIZATION 

The  AIN  films  were  grown  in  a  DC  planar  mag¬ 
netron  sputtering  system  using  the  plasma  reaction 
between  sputtered  Al  from  the  target  and  N-  in  the 
plasma.  This  growth  system,  Fig.  1,  was  cnosen 
for  its  si’-plicity  of  operation  and  flexibility  in 
allowing  the  deposition  of  an  Al  film  before  or 
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ii t r ".IN  growth  as  a  step  in  device  fabrication. 

nr-,! 'r  f  prevent  electron  bombardment  of  the 
1  e- !.>rtri i.  film  and  subsequent  arcinq,  an  anode 
trie  turn  is  used  to  collect  the  electron  current. 
Tr--  -.leneral  sputtering  conditions  were  as  follows: 

f  :  99.199  pure  aluminuii, 

5‘  diameter 

5 i.r.  f  it.  •  MOO)  Si  ,  GaAs 

’  ir.n-t-c'ub'  trate  Spacing  :  1-5  cm 

at'-nspr.-.oi  _  5a s  :  low  o»ygen(-0.5  ppnl ; 

nitrogen 

is  ’  t  pjn  Pressure  :  10  ^  Torn 

l  ubst*"atc*  Teii'P'-r  it  ure  :  -DC  l 

.it's Valtao*’-  :  -100  volts  DC 

! -  ’.id'  Current  -  500  m’ 11  i amperes 

:  sir  '.olt-vi(  :  *00  volts  DC 

os* ‘ior.  Pate  :  l.r  microns,  hr 

Ci-hode  and  anode  voltages  are  treasured  relative 
*.  the  sut-st-vte  with  the  anode  voltage  ad;  us  ted  to 
•educe  the  substrate  current  to  a  small  value. 


deposition  pressure  for  the  ranqe  0.4  to  4 
millitorr  or  substrate  heater  temperature  fron.  200 
to  500  C.  More  hiqhly  oriented  films  (•  -  0.55  ) 
have  been  obtained  on  basal  plane  sapphire. 

Electrical  character! ration  of  the  material 
is  done  in  the  resonator  configurations  described 
in  following  sections  and  detailed  in  previous 
publ i cat  ions .  Essentially,  the  resonator  reflec¬ 
tion  coefficient  was  measured  as  a  taction  of 
frequency  and  recorded  by  a  data  acquisition 
system.  From  the  complex  reflection  coefficient 
the  equivalent  two-terminal  impedance  of  the 
resonator  was  obtained  from  the  equation, 


Z 


50 


1+. 

1- 


where  is  the  reflection  coefficient,  from  the 
computed  phase  of  Z,  Z<J,  the  resonator  0  was  ob¬ 
tained  near  the  resonant  frequencies  using 


where  fr  is  the  resonant  frequency  fthis  definition 
of  Q  follows  directly  from  parallel  or  series  RLC 
circuits).  Because  impedance  is  a  property  of  the 
resonator  alone  and  not  determined  by  the  external 
circuit,  0  determined  in  this  manner  is  the 
unloaded  or  device  C. 


in  genera1,  the  sputtering  rate  was  found  to 
t"’  proportional  to  the  DC  power  with  a  value  of 
microns  'hr  at  ’  1  wafts. 

:-.-al  •ia*  iit"  cf  trie  films  involved  optical  and 
r  inr;”':  eVotro'  -itruscory,  -*  and  26  x-ray 
d i f friction  analysis.  Auger  ni croprobe  impurity 
dept*1  rro*iling  and  acoustical  parameter  charac¬ 
ter- ration.  A  SEM  examination  of  a  cross  section 
of  ar  AIN  'Si  film,  revealed  the  columnar  structure 
if  >  C-axis  normal  film  indicating  a  high  degree 
- c  film  orientation  and  coherent  SEM  viewing  of 
the  filn  top  surface  did  not  reveal  the  mi cro- 
•  ystall ‘ne  facetino  found  in  some  earlier  work  on 
C.V9  qrowth  Or  AIN  on  sapphire.  Optical  microscopy 
was  used  to  examine  the  films  for  mi crocrat king  and 
•her  surface  defects.  Mierocrackinq  was  absent 

•  n  ‘  ;  l-is  of  low  oxygen  content  grown  in  the  sput¬ 
tering  s/stem  having  the  anode  separate  from  t">e 
substrate.  The  oxvqen  content  was  found  to  be  less 
than  n.f  as  determined  by  Auger  microprobe  analysis. 

in  this  study,  mainly  x-ray  diffraction  was 
ised  for  the  quantitative  characterization  of  the 
,  /eta1  structure  of  the  #i!«i.  F i qur®  2  shows  an 

•  •••«/  diffraction  pattern  of  a  0.8  micron  thick 

film  sputtered  on  (100)  Si.  The  film  is  clear 
and  -w-ly  the  '0001)  orientation  is  revealed-  An 
■  -g.  rock-rni  cur/o  was  also  taken  for  a  further 
r.an'i'at've  analysis  of  the  orientation  of  the 


it  's  apoarpni  from  the  x-ray  result'  that  the 
•  *■•  ••-•d  AIN  films  nave  a  hiohly  oriented  structure 
‘he  C-axis  nomal  to  the  surface  of  the 
rate ,  The  quality  of  these  films  was  also 
f;  ,■  d  "i‘  critically  dependent  on  sputtering 


Using  reflection  measurements  allows  the 
resonator  to  be  placed  at  the  end  of  a  coaxial 
cable  in  an  environmental  chamber  for  temperature 
coefficient  determi nations, 

111.  TEMPERATURE  COMPENSATED  COMPOSITE 
RESONATORS 

The  temperature  compensated  composite  rese- 
natorf,  (TCCR).  is  shown  schematically  in  Fig.  3. 
Tne  TCCR  is  composed  of  a  born  diffused  ?  +  layer 
formed  into  a  membrane  by  selective  etching  to 
remove  the  n-type  material  from  the  desired  region. 
The  AIN  pi|zce1ectric  film  is  sputtered  directly 
onto  the  P  req,;on  without  any  deliberate  inter¬ 
mediate  film  structures. 

ror  a  resonator  composed  of  1.7  microns  of 
AIN  and  R  microns  Si  the  following  values  were 
obtained  from  the  measured  data:  7600  for  parallel 
7300  for  series  0.  333  ohms  parallel  resistance. 
35  rkms  series  resistance.  This  device  was  found 
to  have  6.5  ohms  series  conduction  resistance  and 
2  pf  shunt  capacitance.  After  substracting  these 
parasitic  parameters  from  the  resonator,  the 
phase  and  absolute  value  of  the  impedance  around 
fundamental  resonant  frequencies  were  computed 
and  plotted  as  shown  in  Fig.  4.  The  resonant 
responses  were  detected  at  fundamental  frequencies 
of  32R.53  MHz  for  series  resonance  and  328.61  MHz 
for  parallel  resonance.  The  resonator  coupling 
coefficient  was  found  to  be  2.5  .  The  third  over¬ 
tone  impedance  response  is  shown  in  Fig.  5.  Hera 
the  C  was  determined  to  be  1500  and  the  coupling 
coefficient  6  .  Note  that  the  overtone  coupling 
is  higher  than  the  fundamental  in  accordance  with 
the  composite  resonator  theory  described 
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previously.  The  high  frequency  side  of  reso¬ 
nance  shows  some  response  due  to  spurious  modes. 

The  temperature  coefficient  of  the  A1N/S1 
composite  has  been  found  to  be  nearly  compensated. 
In  Fig.  6  the  fundamental  mode  temperature 
coefficient,  TC,  was  measured  from  -20  to  120°C  and 
compared  with  AT-cut  quartz  and  ZnO/Si  composite 
resonators.  The  ZnO/Si  resonator  ^as  composed 
of  1  micron  of  ZnO  on  a  6  micron  P  silicon 
membrane  and  exhibited  a  Q  of  approximately  9000 
at  500  MHz.  The  second  overtones  TC  of  the 
AIN/Si  resonator  was  -8.9  ppm/°C  at  820  MHz  and 
the  third  overtone  TC  was  -27  ppm/°C  near  1200  MHz. 

In  order  to  study  the  temperature  compensation 
mechanism  the  TC  was  measured  near  room  temperature 
for  different  SI  to  AIN  thickness  ratios  and  plot¬ 
ted  in  Fig.  7.  For  AIN  only  (zero  thickness  ratio) 
c  TC  of  -20  ppm /'C  is  obtained  and  for  very  large 
thickness  ratios  we  would  expect  the  -30  ppm/°C 
calculated  for  Si.  Our  results  show  a  TC  as  low 
as  -0.6  ppm/'C  for  a  thickness  ratio  of  4.5.  The 
TC  behavior  exhibited  for  these  devices  would  not 
be  expected  from  linear  elastic  theory.  Since 
there  is  evidence  of  finite  strain  in  the  structure 
we  are  making  attempts  to  elucidate  the  effect 
and  determine  if  finite  strain  is  the  controlling 
factor  in  the  temperature  compensation  mechanism. 

We  have  found  the  TCCR  devices  to  be  reproduceable 
and  of  obvious  technological  importance. 

IV.  THIN  FILM  EuGE-SUPPORTED  RESONATORS 

In  the  composite  resonator  structures 
described  above  thin  films  and  microelectronic 
device  processing  play  important  roles.  The 
desire  for  higher  frequencies,  thinner  structures, 
and  simpler  modes  has  led  to  the  more  conventional 
piezoelectric  plate  implemented  in  thin  film  form. 
In  Fig.  8  is  shown  the  edge  supported  piezoelectric 
plate  structure  that  has  been  implemented  using 
AIN  and  ZnO  C-axis  normal  and  ZnO  c-axis  in-plane 
films.  Both  Si  and  GaAs  have  been  used  for  the 
substrate  along  with  chemical  etching  to  remove 
the  substrate  from  under  the  piezoelectric  plate. 
Plate  thicknesses  have  been  fabricated  with  1  to 
10  microns  thickness  for  AIN  and  ZnO.  The  thin 
AIN  plates  have  been  found  to  be  mechanically 
rugged  and  able  to  withstand  photolithographic 
processing  operations  without  breaking. 

The  impedance  plot  for  a  6.5  micron  thick  AIN 
plate  resonator  is  shown  in  Fig.  9.  The  resonator 
Q  of  1200  was  somewhat  lower  than  expected  due  to 
a  parasitic  transducer  effect  caused  by  the  overlap 
of  the  bonding  pad  onto  the  substrate  region.  The 
transducer  formed  by  the  piezoelectric  film  on  the 
p  counter  electrode  radiates  into  the  substrate 
bulk.  The  transducer  looks  like  an  additional  loss 
mechanism  which  lowers  the  overall  device  0.  For 
actual  device  applications  the  parasitic  transducer 
can  be  eliminated.  The  resonator  coupling 
coefficient  was  found  to  be  10. 5%  or  approximately 
twice  that  for  composite  structures. 

Temperature  coefficient  of  the  AIN  plate  was 
measured  from  -20  to  +1?0  C  and  found  to  be  approx¬ 
imately  -20.5  ppm  C,  Fig.  10.  From  thermal 


expansion  data  the  AIN  film  should  be  under 
tension  and  again  finite  strain  effects  cannot  be 
ruled  out  in  determining  the  TC  behavior.  Optical 
normarski  examination  of  the  surface  suggests  that 
the  plate  is  planar  with  no  bowing  evident.  Some 
bowing  has  been  found  in  ZnO  plates  suggesting 
that  these  plates  are  put  in  compression  by  the 
substrate. 


V.  SUMMARY 

Temperature  compensated  composite  resonators, 
TCCR,  have  be$n  obtained  In  the  configuration  of 
AIN  film  on  P  silicon  single  crystal  membrane. 

A  resonator  having  a  SI-to-AIN  thickness  ratio 
of  4.5  has  shown  a  TC  of  less  than  1  ppm/°C  at 
room  temperature. 

Edge-only  supported  AIN  plates  have  been 
fabricated  for  plate  thicknesses  from  1  to  10 
microns  corresponding  to  resonant  frequencies  from 
5  GHz  to  500  MHz,  respectively.  Resonator  Q's 
over  1000  have  been  obtained  for  frequencies  above 
1  GHz.  Similar  resonators  have  been  constructed 
using  C-axis  normal  ZnO  plates  and  more  recently 
C-axis  in-plane  shear  wave  resonators  have  been 
obtained. 

Problems  associated  with  aging  finite  strain, 
and  spurious  modes  are  still  under  investigation. 
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Figure  2.  X-Ray  Diffraction  Scans  for  AIN/Si  Piezoelectric 
Films.  The  Results  Give  a  Quantitative  Measure 
of  C-Axis  Orientation  Perpendicular  to  the  Substrate 
Surface. 
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Figure  4  Impedance  Plot  of  a  TCCR  Composed  of  1.7  Microns 
of  A  IN  on  8  Micron  Silicon  P+  Membrane.  From  the 
Series  Resonance  Phase  Slope  the  Q  was  Found  to  be 
7500  Temperature  Coefficient  Measurements  were 
Determined  by  T racking  the  Series  Resonance  in 
Order  to  Avoid  the  Spurious  Resonance  on  the  High 
Frequency  Side, 
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ABSOLUTE  VALUE  OF-  IMPEDANCE  <OKhO 


Phase  of  Impedance  (Degree) 


Figure  7.  Temperature  Coefficient  Near  Room  Temperature 
Versus  Si-to-AIN  Thickness  Ratio.  At  Zero  Silicon 
Thickness  the  TC  is  -20  ppm  and  at  Zero  AIN 
Thickness  the  Calculated  TC  is  -30  ppm.  All  Data 
Points  Represent  Different  Devices. 


.Edge  supported 
AIN  membrane 


Aluminum 


H. 


4- 


AIN 


Aluminum 


Figure  8. 


Edge-Only  Supported  Pieioelectric  Plates.  Plates  of 
1  to  10  Microns  Thickness  Have  Been  Fabricated  on 
Si  and  GaAs  Substrates.  Platt.,  of  AIN  and  ZnO 
Having  C-Axis  Perpendicular  and  ZnO  C-axis  In 
Plane  Have  Been  Fabricated  and  Evaluated. 


Figure  9.  Impedance  Plot  tor  AIN  Edge  Supported  Plate  The 
Plate  Thickness  was  6.5  Muons,  Q  >1200,  and 
Coupling  Coefficient  10.5%.  This  Coupling  Coeffi 
cient  is  Approximately  Twice  that  of  a  Fundamental 
Mode  Composite  Resonator. 


Temperature  (*C) 

Figure  10.  Temperature  Coefficient  of  AIN  Edge  Supported 
Plate  Resonator.  The  Plate  was  6.5  Microns  Thick. 
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SAW  AND  SSBW  PROPAGATION  IN  INDIUM  PHOSPHIDE 
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Abstract 

In  view  of  combined  use  of  piezoelectric  and 
semiconducting  properties  of  Indium  Phosphide,  new 
surface  (SAW)  and  surface  skimming  bulk  waves  (SSBW) 
are  described.  The  properties  of  semi-insulating 
InP  crystals  are  investigated  in  terms  of  piezo¬ 
electric  coupling  demonstrating  that  the  SSBW  bran¬ 
ches  may  be  more  useful  than  the  SAW  branches.  Two 
Rayleigh  modes  and  one  Bleustei n-Gulyaev  branch  have 
been  experimentally  investigated  in  the  200-300  MHz 
range  and  good  agreement  between  theory  and  experi¬ 
ment  is  reported. 

Introduction 

Monolithic  integration  of  surface  acoustic 
wave  (SAW)  or  surface  skimming  bulk  wave  (SSBW) 
devices  and  octive  electronic  circuits,  on  the  same 
substrate,  allows  the  realization  of  hiqh-frequency 
subsystems  for  signal  processing  and  frequency  con¬ 
trol.  These  new  developments  take  advantage  of  the 
inherent  piezoelectric  properties  of  III-V  materials 
joined  to  their  well-known  semiconducting  properties 
-  nigh  mobility  and  large  bandgap  as  compared  to 
silicon  -  and  of  recent  improvements  in  the  techno¬ 
logy.  By  using  n-tvpe  epitaxial  semiconducting 
layers  on  semi-i nsulati ng  substrates,  one  may  com¬ 
bine  the  piezoelectri c  and  semiconducting  pro¬ 
perties  11-31. 

This  paper  presents  the  variations  of  both  the 
surface  and  pseudo-surface  wave  velocities  and  elec¬ 
tromechanical  coupling  coefficients  for  several 
crystallographic  orientations  in  Indium  Phosphide. 


Principle  of  the  calculation 
Trie  velocity  and  the  electromechanical  cou¬ 


pling  coefficient  for  a  given  configuration  (cut 
and  direction  of  propagation) are  obtained  by  the 
use  of  computer  programs  previously  developed  I  4  I 
by  the  authors  following  the  same  algorithm  as 
Campbell  and  Jones  I  8  I  for  lithium  niobate. 


Starting  from  the  material  data, one  first  has 
to  compute  the  relevant  tensors  in  tne  orientation 
of  interest  (cut,  direction  of  propagation) .  The 
dynamic,  electrostatic,  and  constitutive  equations 
are  solved  in  this  orientation  assuming  a  plane  wave 
propagating  in  the  x-direction  on  the  z-plane  The 
solution  consists  of  8  z-dependent  partial  waves. 
From  these  partial  waves,  those  with  exponential )y 


increasing  amplitude  in  the  z-directlon  are  combi¬ 
ned  to  form  the  Rayleigh-wave.  For  the  leaky  waves 
it  is  necessary  also  to  accept  partial  waves  which 
have  a  group  velocity  component  in  the  (-z)  direc¬ 
tion.  The  boundary  conditions  are  the  additional 
constraints  which  determine  the  propagation  velo¬ 
city  in  the  x-direction.  The  mechanical  boundary 
conditions  are  normally  for  a  free  surface,  i.e 
cancellations  of  the  surface  stress. 

Since  various  electrical  boundary  conditions 
are  of  interest,  we  may  follow  Ingebrigtsen  16  1 
to  express  hese  conditions  as  : 


where  v  is  the  pnase  velo.'ly  component  in  tne 
x  direction 

D,  is  tne  dieiecfic  displacement  component 
E^  is  the  electric  field  component. 

The  equation  defines  a  function  of  the  velocity 
called  tne  surface  permittivity  of  the  actual  con¬ 
figuration. TT^lTTemeiTrumT^outside  of  the  crystal 
(z  ■  0)  has  a  dielectric  constant  equal  to  te,  the 
electrical  boundary  condition  will  be 

i s  (v)  =  *‘e- 

This  relation  defines  the  actual  velocity  v  as 
the  root  of  an  equation.  For  example,  if  tne  exter¬ 
nal  medium  is  a  metallized  electrode  with  an  inver¬ 
se  dielectric  constant  l/ce  =  0,  the  relevant  root 
v0  will  define  the  velocity  with  a  short  circuit  on 
the  surface.  On  the  other  hand,  if  one  defines  a 
fictitious  medium  with  l/t  =  the  root  v*  will 
define  the  phase  velocity  with  open  circuit  condi¬ 
tion.  Intermediate  boundary  conditions  are  of  course 
possible,  including  vacuum  (■ e  =  -c)  or  air,  which 
most  often  are  very  close  to  open  circuit. 

Using  this  surface  permittivity,  a  piezoelec¬ 
tric  substrate  may  be  completely  described  by  a 
simple  analytic  function. 

The  singularities  of  this  function  are  poles 
and  branching  points  (due  to  feasibility  conditions 
in  the  half-crystal).  The  theory  has  been  first 
given  by  Ingebrigtsen  16,71  in  terms  of  surface 
impedance,  and  applied  later  by  Greebe  et  al  1 8 1  to 
a  particular  branch,  the  Bleustein-Gulyaev  mode. 
Generally,  in  the  vicinity  of  a  particular  branch. 
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t.-i---  sui  t .H  t  permittivity  may  be  expanded  for  real 

velocity  as*  . 

O 

;  i  )  r 

’  Hr  ^  !  i  -  V;  V  i  l  1  +  v/v*  ) 

we  i  o  •••  x  v.  jj  o’  the  rotated  frame)  is  the 
i,i,;n  f i euuwttv  dielectric  constant,  k-  is  the  elec- 
t  re.itecnan  ica ’’ coupl  ing  coefficient,  and  v„  is  the 
1 1  ve  ■ open  circuit)  surface  velocity.  This  velocity 
■  i,  re  como'.-’s  to*-  leaky  surface  waves  and  then 
v*  i:,  t"e  •:  or;-! ex  con.-ugate  of  v  .  The  parameter 
.  is  ■■  It.,  tor  the  Rayleigh-like  modes.  Other  va- 
,.>s  ut  v  art  possible  :  for  example  the  value  v  = 
a:ip’ie>  t.i  oiaustein-uulyaev  branches  I  9  I.  The 
c-'.-.-c  t'u  us  rn ■  a!  coupling  k‘  is  related  to  the  re- 
•  ;  ;.,f  tne  t'u’  •  tioo  •.  ;v)  in  tne  neignbourghood 
a:  v  .  .  true  surface  waves,  we  have  : 

v;„  -  vj)  ,  v;  z  av/v„ 

. w.-re  '.v  -  v  -  v  1 
o 

Since  tne  branching  points  are  generally  out  of 
vu  aoma’n  of  interest,  most  of  tne  Dranches  nave 
e  u;n- 1  i ke  benaviour.  Inis  is  of  interest  from  a 
rumen .  a!  pc  in*,  of  view  in  order  to  select  fast  al- 
.  ■  ’  fro  .  consistent  with  the  analytical  form  of 
:•  ••  equation.  On  the  contrary,  when  a  branching 
.  mi  :  j  I . in  tne  vicinity  of  v0  and  v„  ,  tne  be- 
•’i,r.  it  more  tor.|,>  1  i  c  a  ted  and  tne  oranen  is  cal¬ 
l'd  1  'jr.c.e  sk  i Tir.iiig  bull  wave  rSSBH)  wi  tn  tne 
nr*.,  .u  ir  case  of  the  Bleustei  n-Gulyaev  ( SG )  mode. 

I neoreti c al  results 

variations  of  the  SAW  and  first  pseudo  SAW 
velocities  and  k-  for  the  two  standard  crystal lo- 
grapi.i.  tntr  •  ,oi>  and  <  1 1 1  >  of  InP  are  presented 
versus  tne  direction  of  propagation  in  Figures  1 
and  :.  Tne  constants  cf  InP  used  in  the  computer 
program  are  listed  in  Table  I  :  the  constant  ej4  has 
been  evaluated  in  Ref.  3  for  best  fit  between  expe¬ 
rimental  and  i-.eoretical  results. 


Tac’e  I  :  Constants  of  InP  used  in  the 
computer  program. 
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in  GaAs,  is  found  on  the  first  pseudosurface  shell 
with  a  coupling  of  CL04  .  With  directions  of  pro¬ 
pagation  close  to  (III))  the  mode  is  leaky,  but  ti  . 
actual  attenuation  is  very  low  (about  ci.Oi  - 
0.02  dB/  k  ).  The  Rayleigh  mode  has  a  maximum  elec- 
tromecham  ca !  coupling  coefficient  equal  to 
O.P5-  it  an  mole  ef 

* 


3000, 


2500 


2000 


Figure  1  :  Variation  of  k  and  v  for  the  first  and 
second  modes  of  InP  as  a  function  of  tne 
direction  of  propagation,  for  <00 1>  cut. 

We  have  plotted  in  Figure  2  the  surface  per¬ 
mittivity  versus  velocity_for  a  direction  of  pro¬ 
pagation  -15'  apart  from  (llO),  always  in  tne  <001-- 
plane  where  the  2  first  modes  have  about  the  same 
coupling  coefficient.  The  first  mode  is  a  true  ge¬ 
neralized  Rayleigh  mode  with  a  velocity  of  2372  m/s 
and  a  coupling  coefficient  k?  equal  to  0.0116  . 

The  second  one  is  a  pseudo-Rayleigh  mode  with  a  ve¬ 
locity  of  2602.5  m/s,  a  coupling  factor  of  0.0143 
and  a  very  low  attenuation  of  0.01  do  per  wave¬ 
length.  The  pseudoresonance  is  soft  due  to  the  at¬ 
tenuation  but  the  behaviour  of  the  imaginary  part 
cf  the  permittivity  is  unambiguous. 

♦  C;f 

,  *.  i* 


-b, 

Figure  2  :  Surface  permittivity  versus  velocity 
<001>  cut,  direction  of  propagation 
-15  apart  from  ( TTO) 


In  the  plane  <111>  (cf.  Figure  3),  whatever 
the  propagation  direction,  the  coupling  coeffi¬ 
cient  is  always  very  weak  (k<  X  0.01  i)  for  the 
true  surface  wave,  but  the  first  pseudosurface 
shell  is  very  interesting  since  a  maximum  coupling 
of  0.0S68  is  obtained  for  the  (Il0)  direction  of 
propagation  with  a  velocity  of  2992  m/s  and  a  ne¬ 
gligible  attenuation  (a  <0.01  dB/  A).  This  beha¬ 
viour  is  very  similar  to  that  of  GaAs  described 
in  Ref.  2. 
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Figure  3  :  Variation  of  kc  and  v  for  the  first  and 
second  modes  of  InP  as  a  function  of  the 
direction  of  propagation,  for  < 1 1 1 >  cut. 


Figure  4  shows  the  results  obtained  for  dif¬ 
ferent  cuts  with  the  same  direction  of  propagation 
(IIO)  starting  from  the  <001>  cut  with  the  0.04 
coupl ing-Rayleigh  mode.  The  coupling  coefficient 
goes  through  a  maximum  at  the  previously  establi¬ 
shed  value  of  0.0568  .  of  the  pseudosurface  mode 
for  the  <111>  cut,  and  this  maximum  is  very  flat  : 
k^  remains  larger  than  0.05  %  over  20'  with  a  ne¬ 
gligible  attenuation. 
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Figure  4  :  Variation  of  k  and  v  for  the  first  and 
second  modes  of  InP  as  a  function  of  the 
cut,  for  <IIO>  propagation  direction. 


Experimental  results 

We  have  experimented  with  three  different 
configurations  : 

-  i)  <001>  cut,  ( 110 )  propagation 

-  ii)  <110>  cut,  (110)  propagation  and 

-  iii)  <110>  cut,  (001;  propagation. 

We  have  made  a  SAW  delay-line  wi  tr.  two  trans¬ 
ducers  of  239  and  120  fingers  of  12.16  urn  wave¬ 
length  and  0.5  mm  aperture.  The  distance  between 
the  centres  of  the  two  transducers  is  equal  to 
119  a.  In  a  first  experiment  we  used  a  conventio¬ 
nal  process  with  chemical  etching  of  a  500  A  - 
thick  thermally  evaporated  aluminum  layer.  After¬ 
wards.  better  results  were  obtained  using  a  lift¬ 
off  process . 

The  frequency  response  of  the  conf igurati on  i) 
is  shown  in  Figure  5  from  210  MHz  to  222  MHz. 

40  dB 
50 
_  60 
_  70 
80 
90 


210  216  222 

frequency  MHz 

Figure  5  :  Frequency  response  (amplitude  :  10  dB/div. 
and  phase  :  90 c /di v . )  of  a  <001>  cut, 

(IIO)  propagation  InP  delay-line. 


Due  to  mass  loading,  the  response  is  not  as  smooth 
as  generally  obtained  (for  example  on  GaAs  crystals), 
but  the  zeroes  of  the  sin  x/x  frequency  response 
are  clean  and  well-located  as  expected.  From  this 
curve,  the  velocity  is  found  equal  to  2627  m/s, 
i.e.  slightly  less  than  the  theoretical  value  of 
2639  m/s  obtained  from  the  computer  program.  In 
the  same  manner,  the  velocity  values  obtained  ex¬ 
perimentally  for  the  ii)  and  iii)  configurations 
are  a  little  smaller  than  the  computed  values 
(cf.  Table  II),  showing  nevertheless  good  agree¬ 
ment  between  theory  and  experiments.  Values  of  kc 
obtained  from  impedance  measurements  are  reported 
also  in  Table  II,  indicating  that  InP  seems  to  be 
a  weaker  piezoelectric  crystal  than  GaAs.  Since 
InP  is  a  very  delicate  material,  some  technological 
difficulties  wpre  encountered,  and  further  experi¬ 
mental  confirmations  and  theoretical  investigations 
need  to  be  done.  The  actual  sensitivity  to  mass 
loading  is  understood  in  terms  of  lower  stiffness 
of  the  InP  suostrate  compared  to  the  Al-layer.  The 
electrodes  increase  periodically  the  surface  velo¬ 
city  and  then  produce  a  corrugated  cavity.  This 
underlines  the  interest  of  SSBW  which  are  not  simi¬ 
larly  disturbed . 
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Table  ]\  \  Experimental  and  computed  parameters  of  some  cuts  of  InP  (assuming  e^  =  0.11) 


Angles 

Cut 

Prop 

Velocity 

C  oupl. 

Coeff. 

[m/s] 

1 1 

0  >.< 

XY2 

XYZ 

Co 

Ex 

Co 

Ex 

A 

90° 

45°  Q° 

001 

110 

2639 

2627 

0.0384  , 

0.02 

R 

B 

0° 

45°  54°7 

111 

no 

2133 

5.6  10 

- 

- 

B* 

0° 

45°  54°7 

111 

no 

2992 

- 

0.056 

- 

C 

90° 

45°  90° 

110 

001 

2595 

2576 

0.013  , 

0.012 

R 

D 

0° 

45°  90° 

no 

no 

3113 

3089 

2.  10 

B 

Co 

=  Computed 

R 

=  Rayleigh 

Ex 

-  Experimental 

B 

-  Bleustein- 

(Gulyaev 

Conclusion 

Owing  to  the  properties  of  1 1 1 -V  semiconduc¬ 
tors,  micropiezoelectronic  devices  are  likely  to 
merge  from  the  control  of  the  technological  process. 
Presently,  the  main  applications  are  expected  in 
signal  processing  for  voltage  controlled  oscilla¬ 
tors,  adaptative  filters  and  more  complex  signal 
processors  in  the  VHF  and  UHF  range.  Other  appli¬ 
cations  regarding  optoelectronics,  optical  commu¬ 
nications  and  solid  state  displays  are  also  in  the 
scope  of  these  techniques.  The  present  paper  has 
investigated  the  properties  of  semi-insulating  InP 
crystals  in  terms  of  piezoelectric  coupling.  We 
have  emphasized  the  interest  of  SSBW  rather  that 
SAW  branches  because  of  their  higher  coupling.  A 
more  complete  investigation  of  the  leaky  shell 
could  induce  significant  results.  However,  the  fi¬ 
nal  advantages  should  be  evaluated  in  the  complete 
devices  using  semiconducting  layers  and  mixing  mi¬ 
croelectronic  and  piezoelectric  properties. 

In  conclusion,  Indium  Phosphide  shows  piezo¬ 
electric  SAW  properties  very  similar  to  Gallium 
Arsenide.  From  our  present  experiments,  the  cou¬ 
pling  coefficient  is  rougnly  half  of  the  GaAs  cou¬ 
pling.  This  implies  that  while  InP  is  useful  in 
piezo-optics,  GaAs  has  to  be  preferred  for  piezo- 
electronic  devices. 
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Abstract 

The  unwanted  modes  In  quartz  5°  X-cut 
low  frequency  resonator  bars  have  been  recorded 
and  charted  over  the  range  of  dimensional  ratios 
i/w  5  to  10  and  i/t  SO  to  170.  They  have  been 
found  to  occur  at  even  multiples  of  the 
frequencies  of  coupled  x-t  flexural  and  length 
torsional  modes  and  a  unified  spectrum  has  been 
obtained  by  plotting  f*w/t  against  w/t.  A 
simplified  thoery  of  these  coupled  modes  is 
developed  and  is  found  to  gi.-e  good  agreement 
with  the  observed  spectrum. 

Key  words  :  quartz,  length  extensiocal , 

5°  X-cut,  unwanted  responses,  flexural, 
torsional 


1  Introduction 

For  many  years  the  production  of  quartz  low 
frequency  bars  has  suffered  from  rejects  due  to 
unwanted  responses  within  a  few  kilohertz  of  the 
main  length  extensional  resonance.  They  give  rise 
to  disturbances  in  the  transmission 
characteristics  of  the  crystals  and  can  cause 
troublesome  spikes  in  the  passband  region  of  the 
filters.  In  many  cases  they  have  remained 
undetected  until  the  crystals  were  assembled  into 
a  filter. 

Records  have  been  collected  and  attempts  made 
to  identify  the  Interfering  modes.  It  was 
suspected  that  some  at  least  were  due  to  the  main 
response  being  close  to  a  frequency  multiple  of  a 
low  order  length-thickness  flexural.  Coincidence 
with  the  width-thickness  flexure  was  also 
suspected  in  some  cases.  No  such  effects  however 
have  been  reported  in  the  literature. 

We  have  therefore  carried  out  a  programme  of 
recording  and  charting  these  responses  In 
experimental  5°  X-cut  bars  within  the  range  of 
dimensional  ratios  t/w  5  to  10  and  t/t  50  to  170, 
a  total  of  about  800  crystals  having  been  made  and 
investigated.  It  has  been  found  possible  to  plot 
the  unwanted  modes  so  as  to  show  a  unified 
spectrum,  thus  giving  a  means  for  choosing  the 
best  dimensional  ratios  to  avoid  them. 


2  Experimental  procedure 

Crystals  were  made  In  batches  of  a  chosen 
width  and  thickness  and  covering  a  range  of 
lengths.  After  measuring  the  blank  dimensions  the 
crystals  were  fully  plated  with  nlchrome/gold 
electrodes  and  headed  phosphor  bronze  wires  were 
soldered  to  the  nodal  points.  The  crystals  were 
mounted  in  standard  wire  cages  in  evacuated  glass 
envelopes. 

A  search  for  unwanted  modes  was  carried  out 
on  each  crystal  within  +10  kHz  of  the  main 
response  using  a  Wandel  and  Goltermann  swept 
frequency  test  set  connected  directly  to  the 
crystal.  The  suspected  responses  were  all  tested 
for  the  sign  of  their  temperature  coefficient  of 
frequency  and  show  a  negative  coefficient.  This 
test  also  confirms  that  the  charted  responses  are 
true  effects  due  to  the  crystal . 

Since  the  crystals  are  fully  plated  there  is 
no  direct  piezoelectric  drive  to  excite  flexural 
vibrations.  The  offending  disturbances  are 
usually  found  within  about  +5  kHz  of  the  main 
response  and  are  stronger  the  closer  they  are  to 
It  in  frequency.  If  the  crystal  is  being  examined 
in  direct  transmission  or  in  a  n-network  then  the 
unwanted  modes  are  also  stronger  if  close  to 
anti -resonance.  Since  the  responses  have  a 
negative  temperature  coefficient  it  is  sometimes 
possible,  on  heating,  to  observe  a  response 
growing  in  strength  as  it  approaches  and  passes 
through  anti-resonance,  then  weakening  and  growing 
In  strength  again  as  it  approaches  and  passes 
through  the  main  resonance  peak,  as  illustrated  in 
Figure  1.  This  observation  demonstrates  that  the 
coupling  to  the  modes  is  mechanical  in  nature. 

3  Charting  the  responses 

Many  of  the  responses  were  observed  to  be 
close  in  frequency  to  an  even  multiple  of  a 
length-thickness  flexure,  but  with  many 
divergencies.  Close  examination.  Including 
lycopodium  powder  studies  in  cases  where  the  modes 
are  strongly  excited,  suggested  that  the  flexural 
modes  were  coupled  to  torsional  modes.  Since  the 
length  extensional  frequency  is  closely 
proportional  to  1/t,  the  length-thickness  flexural 
frequer  :1es  are  proportional  to  t/t?  and  the 
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length  torsional  frequencies  are  proportional  to 
t/)w,  the  responses  from  various  crystals  can  be 
brought  into  a  regular  relationship  with  each 
other  by  plotting  few/t  against  w/t.  When  this  is 
done  a  unified  spectrum  for  the  modes  is  reveled. 
In  the  resulting  chart  a  pure  length-thickness 
flexural  would  give  a  straight  line  through  the 
origin  and  a  purely  torsional  mode  would  show  a 
horizontal  straight  line. 

The  main  length  extensional  mode  does  not 
appear  in  the  chart.  Each  crystal  is  defined  by 
the  independent  ratios  w/t  and  w/t,  and,  since  f Jt 
=  constant  (approx  2.8  kHz  m) ,  a  crystal  can  be 
designed  to  place  the  main  mode  at  any  required 
point  (i.e.  w/t,  2.8  w/t  kHz  m) .  The  results  from 
about  450  crystals  are  shown  as  points  in  Figure 
2,  while  Figure  3  shows  the  distribution  of  the 
crystal  dimensional  ratios  for  the  experimental 
batches . 

It  can  be  seen  from  Figure  2  that  the 
experimental  points  denoting  the  unwanted  modes 
fall  into  distinct  bands,  so  that  the  chart  has  an 
immediate  application  to  crystal  design.  The  main 
mode  of  a  crystal  of  known  dimensions  gives  a 
point  on  the  chart  which  may  fall  in  either  a 
clear  or  a  fouled  region,  and  the  minimum 
frequency  separation  from  the  nearest  unwanted 
mode  can  then  be  estimated. 

Most  of  the  observed  modes  can  be  identified 
as  even  multiples  of  coupled  length-thickness 
flexural  and  length  torsional  modes.  A  prominent 
feature  of  the  chart,  however,  is  a  mode  following 
a  hyperbolic  curve  which  is  identified  as  the 
width-thickness  flexure,  for  which  frequency  is 
proportional  to  t/w2,  Figure  4  illustrates  the 
various  vibrational  modes  of  the  bar  which  are 
discussed  in  this  paper.  The  mode  described  as 
'anhannonic  overtone  of  width-thickness  flexure' 
is  included  as  a  possibility  for  which  there  is 
some  evidence  (not  all  shown  in  Figure  2)  as 
unwanted  responses  at  about  2  kHz  m  above  the 
nodes  identified  as  width-thickness  flexure. 

4  Theory  of  coupled  flexural  and  torsional  modes 

Simple  equations  governing  the  coupled  length 
thickness  flexural  and  the  length  torsional  modes 
are  formulated  and  their  solutions  show  symmetric 
flexural  modes  coupling  to  antisymmetric  torsional 
modes  and  vice  versa. 

4 . 1  Simple  torsional 

Referring  to  Figure  5,  length  t,  width  w  and 
tnickness  t  are  parallel  to  the  V  ,Y'  and  X  axes 
respectively.  The  convention  used  in  this  paper 
is  that  the  rotation  is  +85°  from  length 
originally  along  Z.  Figure  6  illustrates  length 
torsion  of  the  bar.  For  an  angle  of  twist  *  about 
the  V  axis: 

Torque  "  =  wt2F  a*  ( 1 ) 

iz 


where  S^  =  (S55+S44)/2  is  an  approximate  value  for 
the  torsional  compliance.  S55  and  S44  are  the 
appropriate  rotated  coefficients,  the  usual  prime 
indications  being  omitted  for  convenience.  F  is  a 
factor  for  rectangular  bars  given  by  F  = 
l-0.63(t/w)/( S44/ S33)  for  w>3tl.  Since  the  moment 
of  inertia  I  for  a  cross  sectional  slice  is  given 
by  1  =  pwt(w2+t2)/12,  the  equation  of  motion  for 
the  torsional  mode  is: 

»  -  1  ar  =  4F  t2  a2$  (2) 

I  az  pS^  w^+t?  az2 

4.2  Simple  flexural 

In  Figure  7  n  is  the  deflection  from  the  rest 
position  and  M  is  the  bending  moment  given  by: 

M  -  wt3  .  1  *  wt3  a2n  (3) 

12S33  R  12S33  az2 

The  simple  equation  of  motion  for  the 
flexural  mode  is  therefore: 

V  =  -  1  a2M  =  -  t2  a4„  (4) 

pwt  az2  1 2p S33  az* 

4.3  Coupling  between  torsional  and  flexural  modes 

Flexing  produces  extension  on  one  side  of  the 
neutral  surface  and  compression  on  the  other  and, 
due  to  the  cross  coupling  coefficients,  a  shearing 
stress  pattern  is  produced  which  is  equivalent  to 
a  torque  r'  .  By  analogy  with  Equation  (1)  the 
flexure  produces  a  torque: 

r'  =  wj2f  •  X  •  _L  (5) 

3  S33  bz2 

where  x  is  a  function  of  cross  coupling 
compliances  and  r1  is  proportional  to  M.  The 
equation  of  motion  for  the  torsional  mode 
becomes : 

ij>"  =  ar  +  a£l 
az  az 

i.e.  4  =  4Ft2  a2&  +  4Ft2v  a2n  (6) 
°st'w2+t?>  Ps33(w?+t?)  ^ 

Similarly  it  can  be  shown  that  a  twist 
produces  a  bending  moment: 

M'  =  wt3  a*  (7) 

12S  x'  >z 
t 

and,  by  invoking  the  reciprocal  theorem,  it  appears 
that  x'  '  x-  The  equation  of  motion  for  the 
flexural  mode  thus  becomes: 

pwt  V  *  -  32W  +  a2W 
az2  az2 
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i.e.  h  »  -  tg  54n  +  t£_  a 3^,  (8) 

12pSjj  8Z4  12pStx  bz2 

Assuming  sinusoidal  motion  with  time  at  an 
angular  frequency  u>,  and  normalising  using  the 
relations  U  =■  uiw/t,  z  »  i/l  and  m  *  n/t. 

Equations  (8)  and  (8)  lead  to: 


w2d  *  a  d2g  +  3  52n 

~7L  ~T 

SZ  9Z 

S20  »  y  +  e  }3g 

.4  .3 

3z  az 


(9) 


as  the  equations  for  the  coupled  flexural  ana 
torsional  modes  where: 


4F 

pst{Ht/w7y 


4F 


pS 


33  ' iT 


y  -  -  ( w/Oj 


1 2pS 


33 


=  (w/Q2 

1 2  o  Sj.  y 


In  finding  solutions  to  these  equations  the 
quantities  p  and  e  appear  only  as  their  product, 
so  that  x  is  eliminated.  It  is  thus  not  necessary 
to  find  its  precise  form. 

Normalised  quantities  are  used  henceforth, 
but  the  bar  signs  are  omitted  for  typographical 
convenience. 


4 . 4  The  dispersion  equation 


quantity  there  are  two  positive  roots  and  one 
negative  root  i.e.  qj2,  C22  and  .  The  full 
line  in  Figure  8  shows  a  typical  example  of 
computed  values  of  q  plotted  against  u/2-n. 
Equation  (10)  nay  thus  be  written: 


0  *  A^sinijz  +  A^sin^z  +  A3Sinh.q3Z 
r  =  Bjcoscjz  +  B;>cosC2*  +  B3CoshC3Z 
where  Cj,  C?  end  £3  are  all  real. 


(13) 


4.5  The  frequency  equation 

From  the  first  of  Equations  (11)  A-j  = 
-Bi3Ci2/(o2-aCl2)  so  there  are  three  independent 
variables  Bj.Bj  and  B3,  and  there  are  three 
boundary  conditions  to  apply  at  z  =  ±1/2. 

i.e.  =  0  a£n  =  0  and  Q 

az  sz2  a"?*  (14) 

°y  substituting  from  Equation  (13)  into 
Equations  (14)  a  set  of  three  homogenous  equations 
in  Bj.B?  and  B3  is  obtained.  The  condition  for 
non-trivial  solutions  forms  the  frequency  equation 
which  is  listed  in  the  Appendix.  The  values  of  . 
for  which  this  determinant  becomes  zero  are  tne 
normalised  frequencies  of  the  coupled 
flexural/torsional  modes. 


4 . 6  Complex  solutions 

Above  the  dispersion  equation  has  one  real 
and  two  complex  roi  fs  of  'he  form  -±3^,  C  ^  A- j  R , 
A+ j B .  It  can  be  shown  that  qj  and  ' 2  are 
complex  i.e.  ’Ip'l’-jT"  and  ' ' ±j r"  where  real 
values  for  q 1  and  q“  can  be  computed.  The 
solutions  for  ±  and  r.  are: 


There  are  two  series  of  solutions,  one  with  j> 
anti-symmetric  and  0  symmetric  and  the  other  vice 
versa.  Taking  the  former  case  as  an  example,  the 
assumed  solutions  are: 


g  =  YAiSinq^z 
n  =  YB-jcosq^z 


(in) 


g  -  2A]Sinq'z  cosh-"z  +  A3S i nht 3Z 

=  2Bicosq'z  coshq"z  +  B3C0Shq3z 

and  the  frequency  equation  can  then  be  shown  to 
have  the  form  listed  in  the  Appendix. 

4 . 7  Other  forms  of  equations 


(15) 


Substituting  in  Equations  (9)  gives: 


Aj((o2-ati2)  +  Mtj3  *  0 

-Aipr,j3  +  8i  (lo^+y'i4)  -  0 


Corresponding  equations  can  be  developed  for 
solutions  with  symmetrical  g  and  ant i -symmet ri c  • 
Account  must  also  be  taken  of  flexure  coupling  to 
either  a  positively  or  negatively  travelling 
(11)  torsional  wave  which  leads  to  an  alternative  form 
for  the  equations  of  motion: 


which  are  true  for  all  i.  The  condition  for 
non-trivial  solutions  for  Aj  and  Bj  thus  leads  to 
a  cubic  equation  in  q2,  which  is  the  dispersion 
equation : 

i.e.  q*  *  r,4  Jy  -  q2  v2„  =  n  (12) 

3  £  -  7  Y  aC->1  Y  n  F  - 1 Y 

Below  a  critical  value  of  ie,  say  1^,  the  equation 
gives  real  values  of  q2.  Since  v  is  a  negative 


—  iu2 *t  ~  —o  ' 2 *  4-  3  >3— 

772  -.73 


(Compare  Equations  (9)).  The  roots  are  n,>« 
•Tl2,  -'22  and  t32  as  illustrated  by  the  h-oxen 
line  in  Fi gure  8. 
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Trie  Appendix  lists  trie  various  torms  of  the 

>•  ;ugr  io'-s. 

5 _ Comp uted  results 

Computed  values  of  fcw/t  plotted  against  w jt 
are  shown  in  figures  0  and  in.  Four  separate 
hunting  procedures  have  been  used: 

Hurt  i  :  svmetric  flexure,  positive 

'■■ii'it  :  symmetric  flexure,  negative 

Muit  1  •  ant  i -symmetric  flexure,  positive 

u,;nt  4  an'  i -symmetric  flexure,  negative 

•i  value  of  0.005  has  been  used  for  the 
Pactional  mass  loading,  having  the  effect  of 
••••.•*.) plying  by  1.005,  and  a  value  of  15  has  been 
used  tor  the  w/t  ratio.  Roth  of  these  factors 
r. ■ a  very  -sinor  effect  on  tne  curves  and  their 
va.ues  have  been  chosen  to  represent  averages  for 
tne  experimental  crystals.  The  spread  of  w/t 
aivuig  'hen  was  ?./  to  22,  corresponding  t.o  a 
v  iriat ion  in  the  terms  i  and  f  of  less  than  1.5*. 
'one  snail  spread  of  the  practical  results  nay 
Therefore  he  a tt r i but ed  to  differences  of  these 
durfit i ties  between  the  crystals. 


identified  as  the  width-thickness  flexure  has  not 
been  brought  into  the  coupling  theory,  and  the 
mechanism  whereby  this  mode  is  excited,  other  than 
via  fortuitous  asymmetry  of  the  crystal,  remains 
unexpl ai ned. 

The  principal  value  of  the  work  lies  i r.  the 
assistance  given  to  crystal  design  by  the  unified 
spectrum. 
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Appendix 

Various  tony,  of  the  equations 
1  Equa t l ons  of  notion  (first  sort ) 


4.1  Coupling  to  length  extensional  nodes 

""(>  realisation  that  the  flexural  and 
•  rxi'Via!  nodes  are  counted  leads  to  sone 
.  1  ar  :  *'  i 'in  of  tn«  mechanism  whereby  they  become 
•\x -!:>»!.  due  to  tne  twisting  action,  a  mode  with  a 
torsional  component  displays  a  length  variation  at 
‘w’ce  its  frequency  (say  ?.^).  There  is  thus  a 
direct  means  for  it  to  he  driven  by  a  length 
extensional  vibration  at  2,^,  such  as  would  occur 
i‘  tnp  ■engtr  extensional  resonance  was  close  to 
tn’s  frequency,  -M  so  since  the  expansion  of 
'■  >s,r  ,  "as  a  term  m  cos0.*  for  odd  values  of  n 
'hut  not  f -.r  even  vat  ies'  it  may  he  expected  that 
coupling  will  a'sn  oc '  ,r  at  5,10,14  etc  times  the 
‘-■Mooney  of  the  fl exural /tors’ona!  mode. 

In  Figure  2  the  curves  of  Figures  9  and  10 
ary  displayed  with  multiplying  factors  of  2,6,10 
rr  14  as  indicated.  Arbitrary  multiplication 
‘actors  f or  tnp  t.-.o  significant  compliances  S33 
an:  !>.  nave  hepn  used  in  the  conputat ions ,  values 
of  1,1)6  and  1.0H  having  been  chosen  to  improve  the 
fit  with  the  experimental  points.  In  view  of  the 
s  ’  v,j’  1  fled  nature  of  tne  theory  these  corrections 
'representing  T,  and  44  in  frequency  terns)  are 
"  it  considered  to  be  excessive. 

6  Conclusions 


1 . 1  hi sperson  eguat 1  on 

-6  +  -  r?  =0 

■h-JY  If-iy  ~  -  1 7 

Since  v  is  negative,  the  roots  are  'j?. 


1 . 2  Solutions  symrae t ri_c  in  flexure 

*  =  ft]Sin'^2  *  A^sin-^Z  +  AgSinhrjz 
n  =  BjCOSCiz  +  B^costjz  +  B3COShr3Z 

1.2.1  Th e  frequency  equations  (used  in  Hunt  2  of 
THe  program) 

(a)  .,<„c  (i  .e.  '1,  '2  real) 

1 1 ^cos (  - 1  / 2)  *2  cos(  Ty/2)  r3?cosh(  ;^/2)  = 


Z-'-J 


yc^+iZ^ 


-cos(  '-\/2)  -cos(  C2/2)  cosh(  C3/2) 

1 1 s i n ( 'j/2)  C2S i n( c?/ 2)  I 3S i n h ( * 3/ 2 ) 


’r  rii)  ire  2  most  of  the  experimental  points  (b)  (i.e.  r  j ,  Zf  complex) 

corre  .,,ond  ‘airly  closely  to  some  theoretical  line 

a '■  I  *  "pro  is  good  agreement  between  the  slopes  of  G.  0  cosh(t3/2) 

•on  '  1-.“.  the  bands  of  points.  The  theory  =  0 

mi'  !  the'v'ore  be  useful  for  predicting  the  E  C3SI nh( CG/2) 

i..c  ir  rence  of  coupled  modes  following 
hrn.es  in  such  quantities  as  crystal  orientation, 

■»  •  ratio  ard  fractional  mass  loading,  and  for  G  =  Z"$  i  n(  r 1  /  2)  s  i  nh(  c"/2)*Z •  cos(  Z  ' /2)cosh(  r" /2) 

a*”-;  fenta'i/n  extrapolations  beyond  the  range 
•  now  "aeot  a  1  'esults.  The  prominent  band 
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D  ■  (c"2-C2)cos(c72)cosh(c'V2) 
-2C“C's1n(c72)s1nh(i:“/2) 

E  =  c"(C“2-3C,2)cos(c72)sinh(c72) 
-C'(C,,2+C,2)sin(c72)cosh(c‘72) 

1 . 3  Solutions  antisymmetric  In  flexure 

*  -  Ajcoscjz  +  ^2C0S^Zz  +  A3COShC3Z 

ri  =  Bjsinciz  +  E^sln^z  +  B3SinhC3Z 

1.3.1  The  frequency  equations  (used  in  Hunt  4  of 
the  program) 


uKojc  (1*6#  Cl 

Ci2sin(d/2 

c2  real) 

C22s1n(C2/2) 

C32s1nh(C3/2) 

u2-aC12 

J-aZzZ 

u2+aCj2 

-sin( Ci/2) 

-s1n(  C2/2) 

s1"b(C3/2) 

-Cicos(Ci/2) 

-C2Cos(c2/2) 

C3cosh(  c3/2) 

(b)  a,**;  ( i  -e .  Cj,  zz  complex) 


=  0 


D  s  i  nh ( C  3/ 2) 

E  C3cosh(c3/2) 

G  =  c"cos(c72)sinh(c’72)-C'sin(c72)cosh(c'72) 
0  =  (C"2.c<2)sin(c72)cosh(c‘72) 
+2C'c"cos(c72)sinh(c“/2) 

E  =  -z'  (C“2+C’2)cos(c72)cosh(c,72) 
+C"(C,,2+C‘2)S1n(c72)sinh(c72) 


0 


2  Equations  of  motion  (second  sort) 


2 . 1  Dispersion  equation 

C®  -  z^  q2y  -  C2  m2y  -  *  0 

fle-aY  Be-<xy  Be-oy 

Since  y  is  negative,  the  roots  are  -C12,  -C22  and 

C32- 


2.2  Solutions  s>mmetric  in  flexure 

t  *  AjSinh^jz  +  A2sinh;;2Z  +  A3Slnc3Z 
n  *  Bjcosh^jz  +  Bjcoshc^z  +  B3COSC3Z 


2.2.1  The  frequency  equations  (used  in  Hunt  1  of 
the  program) 

(a)  cxu c  (i.e.  Cl*  C i  real, 


Ci2cosh(ci./2)  c22cosh(c2/2)  c32cos(C3/2) 

5 


ur+aC- 


T 


cosh( Cj/2)  cosh(c2/2)  -cos(C3/2) 
Clsinh(d/2)  C2Sinh(c2/2)  C  3s  1  n  ( C  3/2 ) 

(b)  u>uic  (I.e.  Cl*  C2  complex) 


-  0 


*  0 


G.  D  cos(C3/2) 

E  -C3s i n ( C  3/ 2 ) 

G  -  c"s1n(c72)sinh(c72)+C'cos(c72)cosh(c72) 
n  *  (c“2-C'2)cos(c72)cosh(c72) 
-2C"C‘s1n(c72)sinh(c72) 

E  =  c"(C"2-3c'2)cos(c72)sinh(c72) 
-C'{c"2+C,2)sin(c72)cosh(c72) 

2 • 2  Solutions  antisymmetric  in  flexure 
*  =  A^coshCiz  +  A2COShC2Z  +  A3COSC3 z 
0  =  BjSinhCiZ  +  B2sinhC2Z  +  B3Sinc3Z 

2.3.1  The  frequency  equations  (used  in  Hunt  3  of 

the  program^ 

(a)  ukuc  (i.e.  q,  C2  real) 


Ci2sinh(d/2)  C22sinh(c2/2)  c32sin(c3/2) 

u2+oC  2  u2+aC  2  u2-aC~^ 

1  2  3 


sinh(ci/2)  s  i  nh{  C2/2)  -sin(c3/2) 

Cicoshf  d/2)  C2COSh(c2/2)  -C3tos(r3/2) 

(b)  (i.e.  Cj,  z?.  complex) 


=  0 


G. 


D  s  i  n  { r  3/  2 ) 

E  C3COs(C3/2) 


=  n 


G  =  C"cos(c72)sinh(c72)  :,sin(c72)cosh(r"/2) 

D  =  (c"2-C  2)  sin(c72)cosh(c72) 

+2C'C"cos(c72)sinh(  '72) 

E  =  -C'(C"2+C'2)cos(c72)cosh(c72) 

+C"(c"2+C'2)s'*n(c72)sinh(c'72) 
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COUPLED  FLEXURAL  ANO  TORSIONAL  MODES 
FOR  A  5°  X-CUT  BAR 


Figure  10.  Coupled  Flexural  and  Torsional  Modes  for  a 
X  Cut  Bar 
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„  Summary 

Fundamental  mode  bulk  acoustic  wave  resonators 
and  filters  have  been  fabricated  from  ZnO/^i  com¬ 
posite  thin  films  prepared  by  sputter  depositing 
c-axis  oriented  polycrystalline  ZnO  onto  single 
crystal  silicon.  Resonant  frequencies  of  these 
devices*  which  are  compatible  with  silicon  IC 
technology,  can  be  readily  controlled  in  the  100 
MHz  to  1000  MHz  range.  Development  of  improved 
fabrication  procedures  is  described,  emphasizing 
t:.e  importance  of  smooth  resonator  surfaces  and 
precise  control  of  ZnO  sputtering  conditions. 
Chemical  etch  treatments  of  the  ZnO  is  shown  to 
markedly  reduce  spurious  resonances.  Device 
modeling  theory  is  described  and  the  good  agreement 
between  experimental  data  and  theory  is  discussed. 

Filter  insertion  loss  as  low  as  4.1  dB  and 
hundwidths  between  0.1  and  5  percent  have  been 
achieved,  O  values  as  high  as  2700  were  observed, 
and  out  of  band  rejection  of  45  dB  was  realized. 

-O 

Key  Words:  Bulk  Acoustic  Wave,  Thin  Films, 
Ki-son.it ors  and  Kilters,  Fabrication,  Theory,  Device 
Measurements . 

Introduction 


Fundamental  mode  bulk  acoustic  wave  (BAW) 
resonators  and  filters  fabricated  from  thin  films 
of  piezoelectric  materials  have  been  the  subject 
oi  considerable  interest  in  the  past  few  years. 

1  he  devices  under  development  are  intended  to  fill 
i  cap  which  presently  exists  between  silicon  IC 
t «  '-hnol  ogv  and  frequency  filtering  technology  for 
jppl \<  at  ion  in  the  100  to  1000  MHz  range.  The 
.'lit  Kk'U  i  I  earths  required  of  SAW  filters  near 
■'•'i  .  uni  the  ultra  fine  photolithographic 

resolution  requirements,  plus  high  propagation 
losses  near  1000  MHz,  limit  the  usefulness  of  a 
,'.0' i /  s i  !  i •  on  SAW  approach  for  ultra  miniature  low 
ri's«»iut  m‘s  and  filters.'*"^  While  the  fun- 
d  i:  out  t!  -’ode  operation  of  crvstal  quartz  resonator 
tillers  have  recently  been  extended  above  100 

t  is  r."t  .  tear  that  these  devices  can  be 
-orb fried  with  a  silicon  monolithic  structure.  The 
purpose  of  this  paper  is  to  describe  a  silicon 
integrated  circuits  compatible  resonator / f i 1  ter 


based  on  a  ZnO/Si  diaphragm  approach.  The  very 
small  size  of  ZnO/Si  baaed  BAW  devices  is  illus¬ 
trated  in  Figure  1.  A  SUM  cross  sectional  view  of 
the  thin  diaphragm  and  its  supporting  substrate  is 
shown  in  Figure  2. 

Fabrication  Procedures 

Fabrication  begins  with  a  (100)  oriented 
silicon  wafer  on  which  a  thin  heavily  boron  doped 
epitaxial  layer  has  been  grown.  Boron  diffusion 
has  also  been  used  to  create  this  layer  but 
epitaxial  growth  is  preferred  for  ease  in  simul¬ 
taneous  doping  with  elements  other  than  B. 

An  oxide  layer  is  formed  on  both  the  epi  and 
substrate  sides  of  the  wafer.  The  oxide  layer  on 
the  underside  of  the  substrate  is  photolithograph- 
ically  processed  to  create  an  etch  mask.  The  oxide 
on  the  epitaxial  surface  is  kept  intact  to  protect 
this  surface  (smoothness  better  than  500  A)  during 
subsequent  etch  processing.  A  square  diaphro *m  is 
then  produced  by  a  selective  chemical  etchant, 
ethvlened ianine-pyrocatecho 1-water  <  KPPW- typical ly 
75  ml  F.D,  24  gm  P,  2-i  ml  W)  which  rapidly  etches 
away  the  exposed  undoped  silicon  substrate  and 
leaves  the  highly  boron  doped  silicon  intact.1 
In  order  to  act  as  a  reliable  etch  stop  it  is 
essential  that  the  boron  doping  be  greater  than 
7  x  10*wcm*.  In  our  experience,  1  x  10-^'Vm^  was 
optimal.  Rapid  etching  was  found  to  be  conducive 
to  well  defined,  blemish-free  diaphr.i  s.  Vhe  best 
results  were  obtained  with  additions  o!  an  etch 
catalyst,  1  gm  quino:. aline  per  liter  of  ethylene 
diamine,  using  an  etch  temperature  M  11  VC,  which 
prodie  ed  an  etch  rate  of  1^0-170  in'hour. 

With  heavy  boron  doping,  you  mu  t  expect  large 
numbers  of  misfit  dislocations  due  ?.  the  lattice 
contractile  effects  of  boron.'*'  In  (100)  ori.ntcd 
wafers  these  dislocations  form  along  both  of  the 
two  orthogonal  (110)  directions  on  tin*  (100) 
surface.  During  the  final  phases  of  .her  it  a l 
etching,  when  the  thick  substrate  of  undoped  silicon 
is  completely  etched  away  to  expose  the  etch  stop 
layer,  these  misfit  dislocations  cause  undesirable 
surface  roughening  of  the  underside  of  the  diaphragm. 
This  occurs  because  the  dislocations  are  regions  of 
enhanced  chemical  activity,  where  highly  preferential 
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it  bin-.  leads  •  n  a  «  •  res.^-l.-it  lied  array  of  tllO) 
oriented  iti\»n'.vs  Lh.it  are  sometimes  as  deep  as 
2000  A.  I'ln.'  d i aphrugm  ■.ut.a.t1  shown  m  Fi  gun.  J 
had  a  roughness  ot  about  1200  A.  Since  this  i  mi< 
ct  the  two  surtaxes  forming  the  acoustic  resonant 

c. ivitv,  it  is  important  that  it  be  as  smooth  as 

possible  to  assure  a  high  cavity  ('-factor.  If, 
simultaneous  witn  t is«  hi  rmi  doping  we  introduce 
imp  allies  which  expand  l  he  silicon  lattice  we 
shoo  Id  be  d-ic  to  prevent  mis: it  d is  lei  at  ions  from 
t  •.  er  appearing  .nui  thus  prepare  diaphragms  with 
hiehlv  smooth  surfaces,  Germanium  was  best  suited 
•*r  f!;is  purpose,  with  6.-S  times  as  much  Go  as  B 
req-.  i  red.  to  oonpensate  the  lattice  contractile 
.•!!»  :>  o!  boron.  As  can  be  seen  from  Figure  4, 

.  ,  • :  an  i  and  boron  ro-doping  resulted  in  diaphragms 
:?•  I  v  reduced  mis!  it  .lisioention  density  and 
•  •  'th  r.'irl.i.  cs.  The  surface  shown  in 
.1.10  a  smoothness  better  than  500  A. 

:  i.  *  .  i!ic>n  is  not  a  pi  o/.oe  1  e*  t  r  i  c  material, 

.  :  .  -rienti-d  (011011  polvorysta !  1  ine  7.nO  film 

.  -  ».*■.  i red  to  a! low  electrical  excitation  land 
.  Moni  o:  longitudinal  bulk  acoustic  waves. 

.  ..  f --ir  at  ion  of  this  e-axis  oriented  layer  must  be 
!ose!v  •’'nt  rolled  to  obtain  good  results  and  care- 
:  : i  o.  tent  ion  to  detail  is  necessary.  A  2000  A 
t'nivk  Si'1  .  lavei  is  first  sputtered  onto  the 
epit  t.-ia!  snrtace  to  ".ask  the  orthogonal  symmetry 
o  t he  i 1 00 )  vir f ace .  Th L s  S i 0^  film  a  1  so  serves 
to-  prevent  undesired  metallurgical  interactions 
between  the  silicon  and  a  following  titanium-gold 
t ayn  r  that  is  needed  f or  an  e \ec t r i c al  ground  pi ane . 
This  titanium-gold  layer  is  a  composite  of  600  A 
Ti/IHOO  A  Au/ l 000  A  Ii  that  is  sequentially  sputter 
deposited  in  a  2-targot  system  to  form  a  low 
resistance  electrical  ground  plane.  The  presence 
of  the  titanium  layers  promotes  good  adhesion  of 
tiie  gold  and  at  the  same  time  promotes  the  formation 
o:  a  composite  layer  with  trigonal  symmetry  con- 

d. ii  i\e  to  growth  of  iOOOD  c-axis  oriented  ZnO. 

i’r» .  Isi  i  .'ntrol  of  t ho  ZnO  sputtering  conditions  is 
essential  to  consist  out  1  v  produce  11  films  of  high, 
p  i  07  or  1 1  ■•.  t  r  i  c  qu.il  It  v  and  high  resistivity,  and 
i  !*u.  k  I e-  f  r'*e  <1  iaphragms .  I'sing  a  side  mounted 
Sihstrat*  holder  in  an  KV-<liode  reactive  sputtering 


*  '.•■to!’,  a  pro-nixed  S-  Argon-dO  Oxvgen  gas  lill, 
it’C  pressure  o!  rt-'J  I0“*  torr  was  found  to  give 
i  :ur  results.  At  ! .'  x  10”  torr,  good  p  i «  70- 

el  e.  :  r  i .  quality  was  ..btained  hut  the  fi’r. 

1  _  \ 
resist  ivilv  tended  to  he  low.  At  )  x  10  torr. 

scr  ii'ii*-  diaphgran  buckling,  was  encountered  and  the 
:  i •  ■  .>«• ’ e.  t r i -  qualify  was  completely  degraded,  *ven 
t  •  h  verv  ii  i  gh  resistivity  films  were  obtained.. 

:  he  verv  dose  control  of  sputtering  pressure 
required  w.i  ;  a <  comp  1  i sited  with  a  c apart ive-t vpe 
i-araf  roil  pressure  sens.  foupled  to  a  Granville- 
: 'ui  1  lips  lentrol  valv*  .  Snrlao1  si  .  ’  ness  ot  the 


. ;  -  :  f  I  ored  7nh  v  ,  s  tvpi.  illv  better  th..-  200  A . 

A  lilt  ..ft  j»r."  1  ss  was  used  to  pro. line  tin* 
re-, op, if  1  r  :  i  1 1 »  r  «* !  «-r  f  r.-ie  •'•-t  a  11  i  .tat  ion  pattern. 


\  i  00  A  Cr/ifj0  A  Al/200  A  (t  metallisation  was 
vacuu  deposited  to  form  the  resonator  top  electrode 
Next,  a  thicker  low  resistance  10“  A  Cr/sOOO  A 
A 1/200  A  <  r  hond  pad  lead  metal  1  ig.it  ion  was 
deposited  to  connect  the  electrode  to  a  bonding 
p-'int.  well  oft  of  the  thin  diaphragm  region.  I  he 
lower  Gr— layer  promoted  good  adhesion,  while  the 
upper  Cr- layer  served  to  protect  the  A!  from 
chemical  attack  during  further  processing  that 
involved  etching  of  the  excess  ZnO. 

Devi re  Drop er tie s  an d  An  a  1 vs i s 

A  schematic  cross  sectional  view  of  a  proto¬ 
type  HAW  single  resonator  is  shown  in  Figure  b . 

When  the  round  trip  transit  time  of  the  bulk  wave 
between  top  (ZnO)  and  bottom  (Si)  surfaces  ot  the 
composite  diaphragm  is  exactly  equal  to  the  inverse 
or  the  resonant  frequency,  the  acoustic  wave 
reflections  add  in  phase,  establishing  a  high  f 
fundamental  mode  resonance.  Although  the  resonant 
waves  are  largely  confined  within  the  volume  defined 
by  the  electrode  area  and  the  diaphragm  thickness, 
some  of  the  acoustic  energy  is  present  in  the  form 
of  acoustic  fringing  fields  just  outside  of  this 
volume.  This  is  the  basis  for  one  form  of  inter¬ 
resonator  coupling  where  strong  transmission  from 
input  to  output  ports  of  a  two-pole  resonator  filter 
occurs  at  the  resonant  frequency.  It  is  th. is  kind 
of  interresonator  coupling  that  we  are  con.  erne d 
with  here. 

In  the  resonator  structure  depicted  in  Figure 
5,  the  ZnO  film  extends  well  outside  of  the 
electrode  metallization.  This  excess  ZnO  was  found 
to  cause  large  spurious  resonance  content  in  the 
resonator  characteristics .  These  spurious  resonance 
could  be  largely  eliminated  by  applying  acoustic 
damping  materials  such  as  glycerine  to  the  diaphragm 
edges,  i.e.,  the  regions  where  diaphragm  and 
supporting  substrate  meet.  Substantial  improvement 
in  resonator  quality  was  also  consistently  observed 
when  the  excess  ZnO  was  chemically  etched  away  out¬ 
side  of  the  electrode  periphery  so  that  only  trie 
regions  immediately  beneath  the  electrode 
metallization  and  between  the  electrodes  of  a 
toupled  resonator  filter  was  piezoelectrical Iv 
active.  Figure  h  shows  a  typical  example  ot  a 
’••vice  before  and  after  ZnO  etching.  We  conclude.; 
that  the  spurious  contr ibut ions  were  dramatically 
ted'i.  *-d  bv  eliminating  the  effects  M'  the  aceusti. 
dis.  out  inuitv  ot  the  silicon  diaphragm,  boundaries, 
fhe  ZnO/^i  thickness  ratio  was  also  found  t o  attest 
tin  spmio.s  resonances,  with  ZnO'Si  ratio  of  A  *  01 
1*  s<  tav.  rinc  i  wer  spurious  content.  file  Jo*.  No 
•  ’?  Fivur.  had  .1  ZnO'Si  rati*'  of  O.-ii. 

In  ■  r.i.T  to  under st avu.  the  device  vhavuctov- 
isti  in  (errs  tho  manv  interdependent 
‘.11  1  Nation  and  materials  parameters,  a  ono- 
■  :  i  "vns  i  .’11,1 1  analysis  o!  tho  e-  Hat  ions  wh  1 .  h  Jos,  rib- 
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longitudinal  thickness  mode  bulk  wave  propagation 
and  resonance  was  performed.  The  analysis  takes 
into  account  the  physical,  acoustic,  and  piezo¬ 
electric  properties  of  the  resonator  structure  such 
as  wave  velocities,  mass  densities,  film  thicknesses, 
electrode  area,  resonator  dissipation,  and  the 
piezoelectric  coupling  coefficient  of  the  ZnO.^ 

When  the  electrical  circuit  elements  such  as  series 
resistance  of  the  lead  metallization  R^,  ,  series 
inductance  of  the  bond  wire  atu*  bond  pad 

capacitance  C  ,  are  included;  the  equivalent  circuit 
shown  in  Figure  7  results.  In  this  model  for  a 
single  resonator,  which  is  based  on  the  Mason 
equivalent  circuit1--*,  Cq  represents  the  ZnO  film 
capacitance  defined  bv  electrode  area  and  film 
thickness.  The  parallel  equivalent  circuit, 
resonator  resistance  R»  (where  Ka  •  1/Gfl)  arises 
iron  resonator  dissipation  and  diffraction  losses. 

The  acoustoelectrical  susceptance  (B  ) ,  is 
formulated  in  terms  of  the  physical  thickness, 
density,  velocity  and  piezoelec  trie  constants  for 
the  composite  films.  An  example  of  the  agreement 
between  theorv  and  experiment  is  shown  in  Figure  8. 
When  the  separate  materials  and  circuit  parameters 
for  this  device  (.given  below)  were  entered  into  the 
theoretical  expressions  described  above,  the 
resulting  fit  between  the  data  and  the  theory  was 
excellent.  Materials  thicknesses,  Cr/Al  =  0,15  um, 
ZnO  =  4.99  um.  An  =  0.2U  um,  SilK  =  0.15  um.  Si  * 

11.2  um,  k“  =  0.035  for  the  ZnO.  Circuit 
elements.  0,^  -  0.1  pf,  R..^  =  2S  ohms,  Cq^  =  4,85 
pf ,  Lf- ,  =  10  nH ,  V  -  *0  5  ohms,  0  ->  =  1220,  L  ** 

0.-9  nH,  vla  *  1141’V-f,  0  *  2-:,;aR~  =  1220. 

The  thin  film  r«.-sonatcr-?i  1  ter  construction  is 
shown  in  Figure  9.  This  i \ lustration  depicts  a 
rectangular  resonator  geometrv,  but  unLess  other¬ 
wise  indicated  ill  data  described  herein  is  for  a 
semicircular  resonator  geomeirv.  In  addition. 

Figure  9  indicates  a  levi.e  with  the  excess  ZnO 
etched  away.  The  equivalent,  circuit  model  for 
describing  transmission  ind  impedance  frequency 
response  >:  two  ac oust i cal  I \  coupled  resonators  is 
compris'd  of  the  models  for  ea« n  resonator  and  for 
the  interres-MiaLor  coupling.  As  shown  in  Figure  10, 
the  acoustic  coupling  between  resonators  is  modeled 
as  an  inverter  network,  js  has  previously  been  found 
valid  :or  low  frequency  filters.*1'  By  analysis  of 
r ; men t a  1  :  i  ’ter  r  r  instni  s*-  ion  phase  response, 
the  inverter  element  was  estihlished  to  he  capactive 
for  the  :  cc.  lar.-.ent .» 1  "  2"  t  b,  i  k'.’.eSs  mode  and 

indue;  iv.-  :.-r  *h»-  ”  "  thickness  mode.  -or  low 
acoustic  'oup  lira!  ht-;ve«»n  resonators,  the  magnitude 
of  ir.»-  inverter  ir.pnl.in  .•  Z  j  is  high,  corre- 
spend  1 n;  to  -ak  electrical  coupling.  As  the 
a-'-usti  uuniim:  i  eases ,  the  Z ,  decreases, 
rc.-.i r  in.*  in  n;.:n  t  r  oi  -mi  ss  i  -n  efficiency.  The 
;<ur. is  in.  it  •  ui:  elements  ■'  ..  and  R_.  which  shunt  the 

a--  oust  i  .i !  v  p  I  *.  ■ :  resonator  electrodes  represents 
tue  i  o.  t  et  re-  u  o  :  r  c.  r  iv  .  apa<  it  m.  e  an.i  resistance, 
it;  i  mina'cs  ;:i  the  cut  -  .u  hand  transmission. 

In  f  is*  ,  •  qu>r  ■  i.  lie  ,  c»  re,  ,md  Re 


approach**  infinity.  In  eh*  *quiv*l*nt  circuit  of 
Figure  10,  Vg  ■  source  voleeg*,  Zg  *  source 
impedance,  Lq  •  lead  inductance,  Cp  •  parasitic  pad 
capacitance,  Kq  •  lead  resistance,  ■  ahunt 
resistance,  Cs  •  shunt  capacitance,  Za  -  acousto¬ 
electric  impedance,  Cq  ■  ZnO  raaonator  capacitance, 
Ga  "  URa  “  re,OMtor  diaalpativ*  resistance,  Ca  - 
equivalent  reaonant  inductance,  Z^2  *  interresonator 
equivalent  coupling  impedance,  and 


Z 


12 


1 

juC12  (">/2"  Mode) 
JuL12  ("X"  Mode) 


The  above  described  models  were  implemented  using 
a  UN IV ac  1110  computer  to  provide  rapid  analysis  of 
experimental  data,  and  to  provide  an  accurate 
assessment  of  the  effects  of  various  electrical  and 
acoustic  parameters.  The  comparison  of  experimental 
data  and  theory  was  accomplished  by  least  mean 
square's  fit  of  a  data  set,  The  data  was  inputed 
via  a  computer  terminal  and  an  x-y  digitizer. 


Figure  11a  shows  a  photomicrograph  of  a  filter 
M979-7C  that  was  chosen  to  illustrate  the 
capabilities  of  the  computer  fitting  routine. 

Figure  lib  shows  the  measured  insertion  loss,  which 
was  12.4  dB  at  resonance  for  the  fundamental  /2" 
thickness  mode  frequency  of  531  MHz.  The  x-y 
digitizing  of  experimental  data  Ignored  spurious 
response  which,  for  this  device,  are  on  the  low 
frequency  side  of  the  fundamental  resonance.  In 
general,  it  has  been  observed  that  for  ZnQ/Si 
thickness  ratios  near  0.35  to  0.45,  the  "\/2"  mode 
spurious  response  was  significantly  reduced, 
especially  on  the  high  frequency  side.  In  Figures 
12,  13,  and  14,  the  results  of  simultaneous 
computer  fitting  for  insertion  loss,  input 
resistance  and  reactance,  and  output  resistance 
and  reactance  are  given.  As  may  be  seen,  good  fits 
are  obtained  for  all  sets  of  digitized  data.  The 
two-port  phase  delay  data  is  seen  to  be  accurately 
modeled  for  the  capacitive  inverter  coupling  model. 
The  use  of  an  Inductive  inverter  coupling  model 
resulted  in  a  phase-offset  by  180°  relative  to  the 
plot  shown  in  Figure  12b.  The  inductive  inverter 
model  was  found  to  be  correct  for  coupling  at  the 
full  wavelength- mode . 


In  order  to  decrease  the  insertion  loss,  the 
length  of  the  acoustic  coupling  interface  between 
resonators  was  increased.  With  a  resonator  filter 
electrode  structure  such  as  shown  in  Figure  15,  the 
coupling  interface  was  lengthened  by  a  factor  of 
3.25,  while  the  area  of  the  electrodes  was  kept 
constant.  Note  that  the  ZnO  was  etched  away 
between  uncoupled  finger  edges  of  the  electrode 
pattern  to  provide  isolation.  The  increased  length 
of  the  common  interface  was  effective  in  decreasing 
insertion  loss  to  as  low  as  4.1  dB  to  8  dB  for  a 
number  of  devices  on  this  initial  wafer.  As 
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illustrated  in  Figure  16,  these  filters  have 
characteristics  indicating  that  an  overcoupled 
response  was  achieved.  Equivalent  circuit  modeling 
indicates  that  for  reduction  in  series  resistance  to 
5  ohms,  and  a  parallel  resonance  resistance,  Ra, 
of  800  ohms,  a  2  dB  insertion  loss  can  be  achieved 
for  a  critically  coupled  or  over  coupled  design. 

Filters  with  fundamental  ">/2"  mode  resonances 
ranging  from  200  MHz  to  570  MHz  have  been  fabricated 
with  out-of-band  rejection  as  great  as  45  dB,  and 
with  bandwidth  between  0.1  and  5  percent.  Figure 
17  contains  several  examples  of  these  2-port 
resonator  filters.  All  of  them  had  ZnO/Si  thick¬ 
ness  ratios  between  0.44  and  0.52. 

Conclusions 

A  ZnO/silicon  BAW  resonator  and  filter  structure 
which  is  small  enough  to  be  incorporated  within 
silicon  integrated  circuits  has  been  investigated. 

The  fabrication  technology  for  producing  highly 
planar,  smooth  ZnO/silicon  diaphragms  has  been 
developed  and  found  to  be  critically  dependent  on 
the  silicon  doping,  chemical  etching  conditions, 
and  ZnO  deposition  parameters.  Control  of  ZnO 
deposition  pressure  provided  buckle  free,  highly 
piezoelectric  films,  smooth  enough  for  subsequent 
photolithography.  Elimination  of  the  ZnO  film 
outside  of  the  resonator  electrode  area,  except 
between  electrodes  of  a  coupled  resonator  filter, 
has  significantly  reduced  unwanted  spurious  modes. 
Control  of  the  ZnO  to  silicon  ratio  further  reduced 
the  unwanted  sidelobe  content  of  coupled  resonator 
filters. 

One  dimensional  equivalent  circuit  analysis 
has  adequately  described  the  response  of  these 
devices  in  the  absence  of  spurious  response.  This 
analysis  and  supporting  experimental  data  Indicates 
that  low  loss,  low  spurious  response  filters  can  be 
achieved  with  this  technology  in  a  form  compatible 
with  silicon  integrated  circuits. 
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Figure  2.  Cross  Sectional  SEM  Photomicrograph  of  ZnO/Si 
Diaphragm 


a)  BRIGHT  FIELD 


P 

0  2  mm 

b)  INTERFERENCE  FRINGE  CONTRAST 


a)  PHASE  CONTRAST 


Dl  INTERFERENCE  FRINGE  CONTRAST 


Figure  3.  Substrate  Surface  of  Etched  Diaphragm,  Made 
From  Boron  Dopes  Epitaxial  Silicon 


Figure  4,  Substrate  Surface  of  Etched  Diaphragm  Made  From 
Boron  Plus  Germanium  Doped  Epitaxial  Silicon 


541 


ALUMINUM  TOP-v  GROUND  PLANE 
ELECTRODE  \  ELECTRODE 


ELECTRICAL 

PORT 


Figure  5.  ZnO/Silicon  Resonator  Geometry 
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Figure  6.  Effect  of  ZnO  Removal  at  the  Periphery  of  a  Funda¬ 
mental  Mode  ZnO/Si  Resonator 
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Figure  8.  Computer  Fit  Single  Resonator  Impedance  Response 
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Figure  9.  ZnO/Si  BAW  Resonator  Filter  Construction 
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Figure  10.  Equivalent  Circuit  for  Two  Acoustically  Coupled 
BAW  ZnO/Si  Resonators 
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Figure  11.  Filter  M979-C  Used  for  Computerized  Data  Fitting 
Example 
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Figure  12.  M979-C  Computer  Fitted  Insertion  Loss  (a)  and 
Two  Port  Phase  Delay  (b) 
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a)  INPUT  RESISTANCE 


FREQUENCY  (MHz) 
b)  INPUT  REACTANCE 


Figure  13.  M979  C  Computer  Fitted  Input  Resistance  (a)  and 
Input  Reactance  (b) 


obms 


a)  OUTPUT  RESISTANCE 


Figure  14.  M979  C  Computer  Fitted  Output  Resistance  (a) 
and  Output  Reactance  (b) 
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Figure  15  ZnO/Si  BAW  Resonator  Filter  Electrode  Design  for 
Increased  Acoustic  Coupling 
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Figure  16.  Overcoupled  Filter  Response 
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Figure  17.  Transmission  Response  for  Several  2-Port  Resonator 
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I  Summary 

The  coupling  of  elastic  and 
eiectric.il  parameters  in  a  p iezoe lect r i c 
material  has  been  widely  used  in  a  number 
of  practical  applications  such  as 
transducers  for  diqirai  and  analog 
ultrasonic  delay  lines  and  resonators  for 
oscillators  and  filters. 

Basic  dispersion  relations  for 
elastic  wives  in  piezoelectric  piates  are 
used  to  show  how  to  understand  some  of 
features  of  these  devices  that  are  of 
qenerii  interest  to  the  device  enqineer. 
Some  of  the  elementary  ch  i  racter i st ics  of 
ex t ens i ona 1 ,  shear,  and  flexural 

resonators  and  transducers  art'  discussed. 

The  concept  of  an  exact  equivalent 
electrical  circuit  for  the  piezoelectric 
pirate  will  be  reviewed  and  used  to  show 
how  to  understand  some  of  the  more 
important  cha racte r i s t i cs  of  a  delay  line 
transducer,  an  oscillator  resonator,  and 
i  crystal  filter  resonator. 

In  order  to  simoiify  the  discussion, 
*■(  is  paper  wiii  only  mention  a  few  of  the 
many  possible  device  con f i a ur  < t i on  a .  The 
t  w  i  n"  ss  mode  p  i  czoe  i  eat  r  i  r  delay  line 
t.  r  ma  ‘|c,..  r  ,  the  ia  i  q 1  precision  Ouartz 
ctyr-t  1 1  and  oscillator,  the  low  cost 
w  r  i twitch  resonator,  and  the 

mi  i t  i resonator  monolithic  crystal  filter 
ar-  cons  i  tie  red  as  examples  of 

tool ioit ions  of  re  vnt  and  current 
interest.  Many  otia  r  applications  of 
crystal  resonators,  su-'r  as  tone 
. 1  •  t"  i  on  ant  band  ••  i  i  m  i  n  •  *  i  on  ,  wiii  not 
be  considered  in  this  parser. 


‘Workshop  on  Application  of  Elastic 
Waves  in  Electrical  Devices,  Non- 
Destructive  Testing,  and 
Seismology,  May  74-7.F,  197R,  at 
Northwestern  University,  Evanston, 
Illinois:  Editors  -  Y.  H.  Pao,  H. 
F.  Tierr.t  on,  and  I.  D.  A'-hpnfn  -h. 


Some  recent  reports  on  basic  device 
design,  fabrication  techniques,  and 
device  characteristics  such  as 
temperature  dependence  and  aging,  are 
reviewed . 


Introduction 


In  piezoelectric  crystalline  and 
ceramic  materials  electrical  current  and 
voltage  are  coupled  to  elastic 
displacement  and  stress.  This  coupling 
makes  it  possible  to  electrically  excite 
elastic  wave  motions  in  these  materials. 
The  elastic  motion  can  be  used  to  launch 
elastic  waves  into  other  materials 
attached  to  the  piezoelectric  material 
(delay  lines,  ultrasonic  testing,  elastic 
wave  velocity  measurement,  etc.)  or 
elastic  resonances  can  be  excited  by 
confining  the  elastic  motion  to  a  limited 
volume  of  the  material  (resonators, 
etc.).  Resonators  may  be  used  in 
oscillators  in  frequency  standards, 
transmission  timing  circuits,  wrist 
watches,  etc.,  or  they  may  be  coupre.d 
together  electrically  or  elastically  in 
frequency  selective  or  amplitude  or  phase 
equal i z ing  filters. 

Fiqure  1  shows  these  three 
applications  of  the  piezoelectric  plate 
in  schematic  form.  The  resonator  is 
shown  at  the  top,  the  elastically  coupled 
monolithic  crystal  filter  is  shown  in  th-’ 
middle,  and  the  ultrasonic  delay  line  i  ; 
shown  at  the  bottom.  In  many 
applications  the  main  reasons  for  oainu 
the  piezoelectric  devices  are  likely  to 
be : 

1 .  Size: 

A  piezoelectric  resonator  is 
about  10*5  0f  the  size  of  the 
electromagnetic  waveguide  or 
transmission  iine  resonator  at  fh- 
same  frequency. 
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2.  Dependence  of  Frequency  on 
Tempo  rn  t  u  re  : 

Quartz  resonators  may  have  3 
few  parts  per  million  chnnqe  in 
frequency  for  temperatures  from  0° 
to  r'0°C,  or  thermometer  crystals  can 
be  user!  to  convert  temperature 
chanqes  into  easily  measured 
frequency  chanqes. 

3.  Time  Stability: 

Quartz  resonators  may  have 
frequency  chanqes  of  a  few  parts  ip 
1011  per  day  or  a  few  parts  in  10'' 
per  20  years. 

4.  Loss  and  Q: 

^Quartz  resonators  with  Q’s  of  5 
“  10  at  5  mHz  are  used  in  precision 
oscillators. 


Ultrasonic  bulk  wave  delay  lines 
have  been  used  for  hiqh  speed  diqitai  and 
anaioq  storaqe  in  data  processing 
systems.  Other  special  requirements  may 
often  be  satisfied  best  by  using  a 
piezoelectric  device. 


Basic  Theory  For  Piezoelectric  Plates 


Most  of  the  important  properties  of 
pi ezoe iect r i c  delay  line  transducers  and 
crystal  or  ceramic  resonators  and 
monolithic  crystal  filters  may  be 
understood  in  terms  of  the  fundamental 
dispersion  relations  for  waves  in 
piezoelectric  plates.  The  dispersion 
relations  express  the  conditions  on 
frequency  and  propagation  wavenumber  so 
that  waves  are  solutions  to  the 
appropriate  differential  and  constitutive 
equat ions . 

Figure  2  shows  the  basic 
differential,  constitutive,  and  boundary 
equations  for  a  quasi-static  linear 
representation  of  a  piezoelectric 

plate.1,2  An  exact  solution  for  these 
equations  for  a  th ree-d i mens iona i  system 
has  not  yet  been  found,  except  for  some 
very  limited  conditions.'  A  particularly 
useful  approximate  solution  for  plates 
reduces  the  three-dimensional  equations 
to  a  truncated  set  of  two-dimens iona 1 
equations  by  integrating  through  the 
thickness  of  the  plate. 

Dispersion  relations  and 
corresponding  wave  solutions  for  the 
lower  order  three  basic  kinds  of  modes 
included  in  this  approximate  theory  of  a 
piezoelectric  jjiate  are  shown  in  Finure  1 
and  Figure  4.  Figure  3  shows  dispersion 
r  •  i  if  i  or.s  and  wive  solutions  for  nuartz 


plate  modes  varying  along  x  ^ .  Figure  4 
shows  dispersion  relations  and  wave 
solutions  for  quartz  plate  modes  varying 
along  x^.  in  these  two  figures,  0  is 
proportional  to  the  product  of  the  plate 
thickness  and  the  frequency,  and  is 
the  wavenumber  (?*  divided  by  the 
wavelength)  along  the  respective  lateral 
direction. 

Plate  distortions  or  mode  shapes  or 
mode  displacements  are  shown  in  Figure 

5.  Hiqher  order  modes  are  not  considered 
in  this  approximate  theory.  Fiqure  5 
defines  three  kinds  of  shear  distortions 
(thickness  shear,  thickness  twist,  and 
face  shear),  a  flexural  distortion,  and 
an  extensionai  distortion.  Ail  five  of 
these  distortions  can  vary  along  either 
kj  or  x-j.  Figure  3  and  Fiqure  4  show 
that  the  lower  order  face  shear, 
flexural,  and  extensionai  modes  aii  have 
zero  frequency  for  zero  wavenumber. 
Thickness  shear  and  thickness  twist  both 
have  a  finite  frequency  for  zero 
wavenumber.  The  finite  frequency  at  zero 
wavenumber  is  called  a  cutoff  frequency, 
since  energy  propagation  ceases  for 
frequencies  below  this  frequency.  r.ince 
these  features  of  the  lower  modes  are 
also  found  for  exact  solutions  of  an 
infinite  piezoelectric  plate,  the  much 
simpler  approximate  theory  can  be  used  to 
develop  an  understanding  of  the  rol“  of 
many  of  the  important  design  parameters 
of  piezoelectric  devices. 


Application  Of  Basic  Plate  Theory 
Resonator  Design 


Resonators  may  use  either  cutoff  or 
non-cutoff  modes.  The  non-cutoff  modes 
(fiexurai,  face  shear,  and  extensionai) 
have  frequencies  which  are  primarily 
determined  by  the  lateral  dimensions  of 
the  plate.  Since  the  face  shear  and 
extensionai  modes  have  linear  dispersion 
relations  as  shown  in  Fiqure  3  and  Fiqure 
4,  the  resonant  frequencies  of  these 
kinds  of  resonators  vary  inversely  with 
the  iaterai  dimensions  and  the  overtones 
are  harmonically  related.  For  hinu 
overtone  numbers  the  fiexurai  dispersin'" 
relation  is  also  linear  so  the  the 
resonant  freauenry  varies  inversely  with 
the  iaterai  dimensions,  and  the  hi  ah 
order  overtones  are  h a rmon i ca 1 j y  related. 
For  iow  frequencies,  however,  the 
fiexurai  mode  dispersion  relation  is 
quite  curved,  and  the  low  order  fiexurai 
nodes  are  not  harmonically  relate'1. 
Exact  design  relations  for  these 
resonators  are  somewhat  complicated,  hut 
the  basic  principles  can  he  understoo4  in 
terms  of  one  lateral  dimension  "■  in 
Figure  3  or  Figure  4.  clnr,.  ^  . 
thi  resonant  frequency  will  o~Nir  w‘  • 


1  v  r 
\  - 


*'  vV,: 


dimension  (piate  length  for 
is  some  number  of  ha  if 
h  s .  This  mt.ins  that  L  -  mJv/2  or 

''resonant  =  2"/,X  =  "m/U 

n  ana  Ftqure  3  suggest  that 

-■x  i:  •:  ]  mode  has  the  lowest 
ry  of  the  modes  considered  for  the 
evvrtoge  number  and  plate 
•  ■ns."’''’  This  small  size  is  one  of 
iscns  for  the  popularity  of 
moje  resonators  for  small  size 
:■  r.t  rc  i  led  oscillators  such  as 
used  in  the  new  wrist  watches. 


Resonators  using  modes  with  a  cutoff 
frequency  resonate  at  the  cutoff 
frequency  for  very  iarqe  lateral 
dimension s  (d  =  ->  0).  The  cutoff 
frequency  is  Inversely  proportional  to 
the  plate  thickness,  and  these  modes  are 
called  thickness  modes.  A  thin  plate 
with  iarqe  lateral  dimensions  may, 
therefore,  have  a  hiqh  resonant 
frequency,  so  that  these  modes  are 
popular  for  hiqh  frequency  applications. 
Thickness  overtones  corresponding  to 
various  numbers  of  haif  wavelengths  in 
the  thickness  are  not  harmonically 
related,  especially  for  resonators  made 
of  material  with  a  hiqh  piezoelectric 
coup! i m . 


Figure  3  shows  that  as  the  resonant 
wavenumber  increases,  (or  the  appropriate 
late  a i  dimensions  decrease)  the  resonant 
frequency  rises.  An  infinite  number  of 
resonant  frequencies  occur  on  each 
thickness  overtone  branch.  These 
frequencies  are  caiied  th e .a nha rmon i cs  of 
the  thinness  mode  piate.  The  thickness 
overtones  and  some  of  their  various 
lnhunoni’s  are  shown  in  Fiqure  6.  For 
f  retiuencier,  iower  than  the  cutoff 
frequency,  the  wavenumber  becomes 
imaiiri  iry,  and  the  waves  are  evanescent, 
ie'ayinq  exponentially  along  the  lateral 
dimensions.  For  this  condition,  wave 
rre:’.s  iri  strain  become  Rn°  out  of 
ph-ise,  and  the  wave  cannot  propagate 
energy.  This  absence  of  energy 

ptopuga*  ion  has  important  consequences  in 
the  ie  ;  i  jr  of  hiqh  0  thickness  mode 
i  » son  at  s  and  monoiithic  crystal 


■  with  thick  and  thin  req 
.’.a  rate  dispersion  relation 
i  as  shown  in  Fiqure  1. 

\  requency  of  the  thicker  re 
•r.  it:;  iaterai  dimension 
-,y  some  multiple  of  a 
In  in  actual  case , 
mens  ions  and  a  phase  shif 
-  qtor  edge  need  to 

.  At  the  resonant  frequer 


m  region,  the  a  1 
the  thinn-*r  reuion 
f '  o  *i  s  e  a  i  e  n  t  1  y ,  if 


edqes  of  the  piate  are  far  enough  away, 
no  energy  can  leave  the  thicker  reqion, 
and  a  very  high  Q  results.  Resonators  of 
this  kind  are  caiied  trapped  energy 
resonators. ^ 

The  thicker  resonant  region  of  the 
plate  is  commonly  produced  in  two  ways  - 
by  using  a  thick  electrode  or  by 
contouring  the  plate.  The  thick 

electrode  resonator  is  commonly  used  for 
filter  and  low  precision  oscillator 
crystals,  for  which  oniy  moderate 
stability  and  Q  are  required.  The 
contoured  piate  resonator  with  thin 
electrodes  is  commonly  used  for  very  high 
precision  oscillator  crystals,  where  very 
great  stability  and  maximum  0  are 
required.  The  contoured  plate  resonator 
is  usually  more  expensive  to  make,  and 

cost-pe rf o rmance  tradeoffs  must  be 

examined  carefully  for  any  particular 
design. 

The  coupiina  between  the  elastic 
motion  and  the  electrical  current  and 

voltage  causes  the  resonant  frequency  of 
a  piezoelectric  piate  resonator  to  depend 
on  its  electrical  environment.  Figure  ; 
shows  the  dispersion  relation  for  th- 

open  circuited  and  short  ~ircui'-*-- 
thioknecs  mode  resonator.  Short 

circuiting  a  resonator  of  this  typ* 
produces  effects  similar  to  mass 
loading.’  In  oscillator  circuits  a 

variable  series  capacitor  can  be  used  to 
provide  the  necessary  electrical  changes, 
and  the  resonant  frequency  may 
adjusted  or  "pulled"  by  the  capacitor.  ’ 
A  second  consequence  of  this  effect  is 
that  careful  attention  to  the  electrical 
environment  is  necessary  in  th<-  design  of 
oscillator  resonators  a  r d  f  i  1  r  t  - 
crystals . 

If  the  lateral  dimensions  of  t1-. 
plate  are  very  in  rot  Ur.fi-i-,',  ♦ 

equations  in  Fiqure  ?  can  b>  ■  ; 

exactly.  In  this  suin’  ion  i  •  : 

important  to  def  in-,  a  c.-r,  g  :  s  ►  <-nt  •< 

definitions  for  the  non  nr  a  1  i  re  '•  -.st¬ 
and  flows  at  the  system  hour,  :  a  r  ]  .  Fo: 

a  simple  electrical  a  y  .■>  *  >  r  ,  *  - 

consistent  set  of  deficit  ions  i  nv.< 
the  signs  of  the  voltage  ana  --ir  I  --nt  fi  ¬ 
at.  each  electrical  port  of  :  h-  oys*  :-. 
For  the  piezoelectric  r  r  >  n  :  i  t  ,  r  f  « 
electrical  port  must  N  t  t .t n  • 
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b.-twoen  the  electrical  current  and 
voltage  and  the  stresses  and  particle 
velocities  on  the  two  plate  surfaces. 
Aii  of  the  transducer  and  resonator 
properties  of  the  large  area  plate  may  be 
derived  from  these  impedance  equations, 
'in  •  xaot  equivalent  circuit  (with  the 
same  impedance  equations)  for  the 
pi *'?oe^ec^ r  i c  plate  is  shown  in  Figure 
'  Some  properties  of  the  plate 
tie  easier  to  understand  in  terms  of  the 
equivalent  circuit,  although  both 

representations  (circuit  or  impedance 
equations)  are  complete  in  themselves. 

When  the  surfaces  of  the  iarqe  area 
plate  are  stress  free,  the  exact 
electrical  impedance  is  shown  in  Fiqure 
12.  This  condition  is  quite  accurate  for 
a  resonator  so  that  Fiqure  12  is  a  good 
description  of  the  impedance  of  a 

piezoelectric  thickness  mode  resonator. 
In  Fiqure  12  the  frequencies  of  zero 
impedance  are  resonant  frequencies  (short 
circuit  natural  frequencies)  and  the 
frequencies  of  zero  admittance  are 

antiresonant  frequencies  (open  circuit 
natural  frequencies).  The  frequencies  of 
zero  impedance  are  at  the  vaiue  of  X  for 
which  l/k‘  =  tan(x)/x.  The  first  two 
resonant  frequencies  are  at  X  =  X.  an<j  x 
=  The  frequencies  of  zero 

admittance  or  infinite  impedance  are  at 
the  infinite  values  of  tan(x)/x.  The 
first  two  antiresonant  frequencies  are  at 
X  =  X  =  y  and  X  =  Xjfl  =  The  shape 

of  the  tan(x)/x  curve  causes  anharmonic 
behavior  in  the  resonant  frequencies. 
The  antiresonant  frequencies  are 
harmonically  related.  Boundary  or 
material  loss  causes  shifts  in  these 
frequencies.  A  discussion  of  the  loss 
question  is  beyond  the  scope  of  this 
paper.  Figure  13  shows  the  ratio  of  the 
first  resonant  frequency  to  the  first 
antiresonant  frequency  versus  the 
piezoelectric  coupling.  '  the 

significance  of  these  two  frequencies  is 
that  a  circuit  composed  of  a  resonator  in 
series  with  a  capacitor  has  a  resonant 
frequency  between  and  uJq  ,  depending  on 
the  value  of  the  capacitor.  Figure  12 
shows  how  to  understand  the  well  known 
result  that  this  effect  is  smaller  for 
resonator  overtone  operation.  In  the 
design  of  crystal  controlled  oscillators, 
fundamental  modes  in  plates  made  of 
materials  with  high  piezoelectric 

coupling  are  used  for  applications  in 
which  a  wider  range  of  adiustment  is 
'losired  and  niqher  overtone  modes  in 
piatoc,  made  of  material  with  iow 

pic'Zoeirrtrio  coupling  are  used  in 
applications  in  whi^h  relative 

insensitivity  to  circuit  variation  is 


Application  Of  The  Basic  Theory  To  The 
Design  Of  Piezoelectric  Transducers 


If  a  plate  of  material  sustaining  a 
mode  with  real  wavenumber  is  attached  to 
a  material  whict  can  support  a 
corresponding  propagating  mode,  the  plate 
may  transfer  energy  into  that  mode  as  a 
transducer.  The  transducer  may  also  be 
used  as  a  detector  to  convert  elastic 
waves  into  an  electrical  signal. 

The  impedance  equations  or  the  exact 
equivalent  circuit  in  Figures  9,  10  and 
11  have  also  been  used  to  understand  both 
the  sending  and  the  receiving  properties 
of  the  piezoelectric  t ransduce r . ^ ® ^ 
In  the  absence  of  transducer  loss,  it  is 
possible  to  tune  the  two  transducers  for 
zero  insertion  loss  with  a  bandwidth 


determined  by  the  piezoelectric  coupling. 
A  compromise  between  insertion  loss  and 
bandwidth  has  been  used  in  the  design  of 
digital  delay  lines. 


Temperature  Dependence  And  Time  Stability 
Of  Quartz  Crystal  Resonator  Frequency 


Two  very  important  cha racter i s t i cs 
of  the  quartz  cryst'l  resonator  are  the 
temperature  dependence  and  time  stability 
of  resonant  frequency.  Many  other 
important  resonator  characteristics,  such 
as  the  effects  of  changing  to  other 
materials,  mounting  and  packaging, 
impedance  level,  and  unwanted  resonances 
are  not  discussed  in  this  paper. 


Early  work  on  the  temperature 
dependence  of  resonant  frequency  of 
quartz  resonators  operating  in  the  modes 
shown  in  Figure  3  and  Figure  4 
(extens iona  1 ,  face  shear,  flexural, 
thickness-shear,  and  thickness-twist) 
showed  either  parabolic  or  cubic 
behavior,  depending  on  the  particular 
crystal  cut  used. 


Four  useful  properties  of  the 
crystal  resonator,  which  depend  on  the 
crystal  orientation,  the  resonator 
dimensional  ratios,  or  the  electric  field 
distribution,  have  limited  the  design  of 
resonators  to  a  few  crystal  orientations 
and  mode  types.  The  four  properties 
listed  are  not  the  only  ones  of 
importance,  and  each  application  has 
other  criteria  which  will  not  be 
mentioned  here. 


1.  The  effective  coupiinq  to  the 
mode  of  interest. 


2.  The  suppression  of  other  modes. 


3.  The  temperature  coefficient  of 
the  desired  mode. 

4.  The  complexity  and  resultant  cost 
of  manufacturing  plates  and  bars 
of  multiply  rotated  crystal  cuts. 

Figure  14  and  Figure  15  show  some  of 
the  resonator  types  wh'ch  have  been 
widely  used.  Figure  14  shows  typical 
temperature  characteristics  for  three 
common  guartz  flexural  mode  resonators. 
The  turnover  temperature  (temperature  of 
zero  dependence  of  frequency  on 


t  empera t ure ) 

can 

be  placed 

at  various 

temperatures 

or 

the 

temperature 

coe f  f ic ient 
negat i ve . 

may 

be  made 

positive  or 

Figure 

15 

shows 

temperature 

characteristics  for  an  extensional  mode 
(E) ,  face  shear  modes  (CT  and  DT),  and 
thickness  shear  modes  (BT,  AT,  and  GT) . 
The  cubic  temperature  dependence  of  the 
AT  and  GT  resonators  gives  a  wide 
temperature  range  with  very  small 
frequency  shifts.  In  Figure  15  the 
extensionai  and  face  shear  modes  are 
usually  designed  at  lower  frequencies 
then  the  thickness  shear  modes,  so  that 
the  smaller  frequency  shift  in  parts  per 
million  does  not  imply  a  smaller  shift  in 
absolute  frequency  with  temperature. 


A  second  very  useful  property  of  the 
piezoelectric  resonator  is  the  inherent 
stability  with  time.  This  property, 
particularly  for  the  quartz  resonator, 
has  not  been  matched  by  any  other 
technology  and  a  qreat  deal  of  effort  has 
been  applied  to  its  optimization.  Many 
studies  reported  over  the  last  forty 
years  have  led  to  an  understanding  of  the 
role  of  resonator  fabrication  techniques 
and  design  in  determining  the  time 
stability.  Tne  effects  of  plate 
preparation,  premet  a  i  i  i  z-at  ion  cleaning, 
electrode  metallization  choice  and 
thickness,  mounting,  and  packaqina  have 
been  studied  in  some  detail.  System 
iemands  for  greater  stability  at  lower 
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applications  emph.asiz"  short  term 
stability  (precision  os-’i  i  i  at  ors)  ,  while 
other  applications  emphasize  ionq  term 
stability  (crystal  filters'. 


Resonator  Design  And  Fabrication 
Techniques 

It  is  not  within  the  scope  of  this 
paper  to  discuss  design  and  fabrication 
techniques  in  detail,  but  it  seems 
worthwhile  to  3t  ieast  outline  some  of 
the  important  considerations.  Figure  17 
is  an  outline  of  some  of  the  important 
factors  in  a  typical  resonator  design. 
The  plate,  electrode,  attachment, 
enclosure,  and  test  requirements  are 
included.  Figure  18  shows  some  of  the 
important  fabrication  techniques  used  in 
the  manufacture  of  quartz 
resonators. 1 1 • 19 

Similar  design  and  fabrication 
techniques  are  used  for  monolithic 
crystal  filter  production.  For  low  cost 
resonator  and  monolithic  crystal  filter 
production  the  relationship  between 
initial  and  end-of-life  requirements, 
design,  and  fabrication  techniques  must 
be  carefully  optimized. 


The  Piezoelectric  Crystal  Oscillator 

The  oscillator  is  one  cf  the  most 
important  applications  of  the 
piezoelectric  resonator.24  The  available 
impedance  .eveis,  time  stability,  and 
cost  of  the  crystal  resonator  have  been 
optimized  for  a  wide  variety  of  different 
kinds  of  applications,  such  as  the 
precision  crystal  oscillator21  and  the 
recently  developed  wrist  watch.®  A  very 
schematic  representation  cf  a  crystal 
oscillator  circuit,  some  properties  cf 
the  oscillator,  and  some  applications  are 
shown  in  Figure  19. 


Piezoelectric  Crystal  Filter 

Two  kinds  of  crystal  filters  are  in 
current  use.  One  kind  uses  crystal 
resonators  to  replace  the  tuned  LC  tanks 
of  the  conventional  filter  circuit.1-  The 
higher  0  of  the  crystal  resonator  is 
hiqhiy  desirable  in  realizing  higher 
frequency  filters.  The  factors  affectinq 
the  choice  of  a  particular  filter  design 
will  not  be  discussed  here.  In  the  last 
few  years,  techniques  for  put.tinq  several 
resonators  on  the  same  crystal  plate  and 
using  the  separation  between  the 
resonators  to  control  the  i nt e r r eson a t o r 
coupling  have  been  developed. 

These  structures  are  true  monolithic 
crystal  filters  in  the  sense  that  ail 
elements  of  the  filter  are  on  one  piece 
of  material  with  no  assembly  other  than 
mount inq  3nd  packaainq  hoinq 
necessary.  No  external  tuning  is 
needed  for  some  applications. 


Various  combinations  of  monolithic 
crystal  mult i -resonator  devices  and 
electrical  components  have  been  used  to 
control  stop  band  performance  and 
optimize  the  filter  cost.2’’  A  two 
resonator  ladder  filter  design  in 
electrical  form  in  shown  in  Figure  20. 
This  design  is  easily  transformed  to  as 
monolithic  crystal  filter  design.  Some 
properties  and  applications  of  interest 
are  shown  in  Figure  20. 

Ultrasonic  Delay  Line  Transducer 

Ultrasonic  bulk  wave  delay  lines 
have  been  developed  for  high  frequency 
storage  of  information.  '  Figure  21  shows 
some  circuit  considerations  and 
application  of  the  ultrasonic  delay  line 
and  transducer. 


Conclusions 


[31  P.  c.  Y.  Lee  and  S.  Syngeilakis, 
"Waves  and  Vibrations  in  an 
Infinite  Piezoelectric  Plate",  in- 
Proceedings  of  the  29th  Annual 
Symposium  on  Frequency  rontrol, 
U.S.  Army  Electronics  Command,  Fort 
Monmount ,  New  .Jersey,  1975,  pp  45- 

[41  R.  D.  Mindlin  and  W.  .1.  Spencer, 
“Anharmonic  Thickness-Twist 

Overtones  of  Thickness-Shear  and 
Flexural  Vibrations  of  Rectangular 
AT-Cut  Quartz  Plates",  J.  Acoust. 
Soc.  Am.  42,  1957,  pp  1268-1277. 

151  J.  H.  Staudte,  "Subminiature  Quartz 
Tuning  Fork  Resonator",  in: 
Proceedings  of  the  28th  Annual 
Symposium  on  Frequency  Control, 
U.S.  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey,  1973,  pp  50- 
54. 


The  basic  theory  of  the 
pi ezoeiect r ic  plate  is  reviewed,  with 
special  emphasis  on  the  use  of  dispersion 
relations  (conditions  between  wave  number 
and  frequency)  to  understand  some  of  the 
properties  of  the  trapped  enerqy 
resonator  and  the  monolithic  crystal 
filter.  An  important  approximate  theory 
is  mentioned  and  used  to  define  the 
dispersion  relation  for  flexural, 
extensionai,  face  shear,  thickness-shear, 
and  thickness-twist  modes. 


The  exact  equivalent  electrical 
circuit  of  the  piezoelectric  plate  is 
used  to  show  how  to  understand  the  effect 
of  the  electrical  circuit  on  the 
frequency  of  a  resonator.  The 
temperature  performance  and  the  time 
stability  of  several  kinds  of  quartz 
resonators  are  reviewed  briefly.  A  list 
of  resonator  design  and  fabrication 
techniques  are  presented.  Applications 
in  oscillators,  crystal  filters,  and 
delay  line  transducers  are  discussed. 


No  paper  of  this  scope  and  length 
can  possibly  do  foil  justice  to  the 
subje:t  considered.  The  presentation  of 
a  very  brief  introduction  to  some  basic 
principles  is  ali  that  has  been 
attempted. 
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BASIC  DESCRIPTION  OF  A 
PIEZOELECTRIC  TRANSDUCER 


Figure  1. 
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Three  Applications  of  the  Piezoelectric  Plate: 
Resonator,  Monolithic  Crystal  Filter,  Ultrasonic 
Transducer 
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F  igure  2.  Basic  Description  of  a  Piezoelectric  T ransducer 


> 

TSs^T 

pv 

/  FSv 
/  / 

— 7 — 
/ 

/*' 

' 

/ 

/ 

/ 

!/ 

FT  TS/** 

/ 

t 

/ 

> 

/ 

// 

/  / 
t  / 

r  / 

/ 

t 

/ 

/ 

/ 

/ 

* 

/ 

1 

1 

1 

1 

\ 

L 

\ 

\ 

\ 

\ 

\ 

7 - 

0  5  0  0  5  1.0  15 


4>  4> 

fi  *^.0  e  '<w,'^r  *5)e>ix3 


Figure  3  Dispersion  Curves  for  X3  Propagation  in  an  Xj  Plate 
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PIEZOELECTRIC  EFFECTS 


Figure  9. 
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Figure  8.  Piezoelectric  Effects 
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IMPEDANCE  EQUATIONS  FOR  THICKNESS  MODE 
PIEZOELECTRIC  TRANSDUCER 
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Figure  10.  Impedance  Equations  for  Thickness  Mode  Piezo¬ 
electric  T  ransducer 


Boundary  Conditions  for  a  Xr  Piezoelectric  Plate 
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EXACT  EQUIVALENT  ELECTAICAL  CIRCUIT 


Figure  11.  Exact  Equivalent  Electric  Circuit 


Figure  12.  Electrical  Impedance  of  Ideal  Lossless  Thickness 
Mode  Resonator 
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Figure  13.  Dependence  of  Ratio  of  Mechnical  Series  Resonance 
Frequency  to  Half  Wave  Frequency  on  the  Piezo 
electric  Coupling 


TEMPERATURE  IN  DEGREES  CENTIGRADE 
Figure  14.  Temperature  Coefficients 
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FREQUENCY  SHIFT  IN  PARTS  PER  MILLION 
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ELEMENTARY  CRYSTAL  RESONATOR  DESIGN  TECHNOLOGIES 
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Figure  15.  Temperature  Coefficients 
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Figure  16.  Time  Stability  ~f  Piezoelectric  Resonators 
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Figure  17.  Elementary  Crystal  Resonator  Design  Techniques 


ELEMENTARY  CRYSTAL  RESONATOR  FABRICATION  TECHNIQUES 
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Figure  18.  Elementary  Crystal  Resonator  Fabrication 
Techniques 
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PIEZOELECTRIC  CRYSTAL  OSCILLATORS 
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Figure  19.  Piezoelectric  Crystal  Oscillator 


PIEZOELECTRIC  CRYSTAL  FILTERS 
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monolithic  crystal  filter 
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Figure  21.  Ultrasonic  Delay  Line  Transducer 


Figure  20.  Piezoelectric  Crystal  Filter 
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TEMPERATURE  COMPENSATED  CRYSTAL  OSCILIJVTOR  PANEL  DISCUSSION 


PANEL  CHAIRMAN  -  Dr.  D.  E.  NEWELL,  NORTHERN  ILLINOIS  UNIVERSITY  -  PANEL  MEMBFRS  -  Dennis  Marvin- 
Motorola;  Kurt  Bowen-CTS  Corp;  A.J.  Slobodnik,  Jr. -Rome  Air  Development  Center;  Jack  Saunders- 
Saunders  Associates;  Marvin  Freiking-Roekwell  International;  Walter  Calla-McCoy  Electronics 


After  introductions  by  the  panel  chairman. 

Dr.  Newell,  the  panel  entered  into  a  discussion  of 
several  prepared  topic  areas. 

Q:  What  are  the  anticipated  market  trends  in  TCXO 
production? 

The  consensus  of  the  panel  is  that  the  next 
few  years  will  see  a  majority  of  the  TCXO’s  made 
with  specifications  in  the  area  of  1  to  2  ppm  over 
an  operational  temperature  range  of  -40°c  to  +95°c. 
Packaging  requirements  will  dictate  shape  factors 
corresponding  to  the  standard  14  pin  DIP  package 
or  in  some  cases  a  double  height  DIP  package.  Out¬ 
put  power  for  these  devices  Is  anticipated  to  be 
in  the  range  of  0  dbm  to  5  dbm.  The  trend  of  the 
market  is  for  higher  frequency  units.  This  last 
is  expected  to  continue  to  even  higher  frequenev 
requirements  in  the  future. 

A:  What  are  the  cost  as  a'^uhetion  of  performance 
considerat ions? 

The  per  unit  cost  for  units  used  in  the  2-way 
radio  market  must  come  down.  The  oscillator  is 
now  a  major  factor  in  the  cost  of  a  2-wav  radio. 

The  2  ppm  unit  of  tomorrow  must  be  produced  for 
the  same  cost  as  today’s  5  ppm  unit. 


Q:  At  what  stability-temperature  range  does  the 

practicality  of  digital  compensation  exceed  analog 
compensation  and  what  is  the  future  of  digital 
compensation? 

Digital  compensation  becomes  practical  for 
units  with  an  overall  frequency  tolerance  of  less 
than  0.5  ppm.  The  future  of  digital  compensation 
is  very  much  dependent  on  the  suitability  of  the 
crystals  that  are  produced. 

Q:  What  are  some  of  the  critical  component  re¬ 
quirements  affecting  the  miniaturization  of  TCXO’s?  ! 

The  quality  of  thermistors  is  one  of  the  most 
important  factors  in  the  miniaturization  of  TCXO’s. 
Chip  thermistors  offer  a  reasonable  alternative  to 
conventional  devices.  Screened  thermistors  on 
the  other  hand,  are  lacking  in  beta  and  in  the 
consistency  of  the  resulting  device. 

Q:  What  trends  will  be  seen  in  the  area  of  data 
collection  and  compensation  techniques? 

Automated  data  collection  is  one  of  the 
easiest  and  surest  ways  to  reduce  the  per  oscilla¬ 
tor  labor  cost.  The  demand  for  low  cost  units  will 
make  auto  collection  commonplace.  Data  collection 
of  total  oscillator  performance  parameters  seems 
to  be  the  easiest  way  to  go  for  tighter  tolerance 
oscillators,  provided  the  compensation  is  done 
during  the  compensation  run.  Among  the  three 
common  methods  of  accomplishing  the  voltage  func¬ 
tion,  A)  tweeking  pot  B)  compensation  based  on 
crystal  data  C)  pull  data,  there  is  a  need  to 
determine  which  is  the  most  useful  for  a  given 
accuracy.  Because  of  the  increasing  availability 
of  dedicated  computational  capabilities,  analog 
compensation  techniques  will  develop  to  point 
where  the  compensation  operation  will  be  done  on 
the  fly,  not  unlike  digital  compensat ion . 

Several  methods  of  compensation  were  reviewed 
during  the  course  of  the  discussion.  One  method 
is  implemented  by  varying  the  oscillating  loop 
frequency.  This  approach  is  used  for  varactor 
modulator  type  systems.  From  this  information, 
biasing  resistors  can  be  determined  for  a  specific 
compensation  network.  The  resistor  value  is 
determined  by  the  data  taken  at  several  specific 
temperature  points.  A  second  approach  involved  the 
use  piec-wise  compensation  segments  controlled  by 
switching  networks.  The  segments  are  switched  in 
and  out  according  to  preset  temperature  points. 
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Computerized  compensation  involves  the  combi¬ 
nation  of  measured  crystal  data,  table  values  of 
thermistors,  and  varactor  data  as  the  input  for  an 
interative  algorithm.  A  variation  on  this  approach 
requires  that  the  oscillator  be  subjected  to  a 
pull  run.  The  results  of  the  pull  run  are  com¬ 
bined  with  other  data  in  a  computer  program.  In 
the  most  elaborate  approach,  the  complete  oscil¬ 
lator,  including  thermistors,  is  subjected  to  a 
pull  run.  Varactor  pull  data  and  thermistor  values 
at  specific  temperatures  are  acquired.  This  data 
serves  as  the  input  data  for  a  computer  program. 

Q:  What  are  the  effects  of  the  accuracy  of 
component  data  on  the  compensation  approach? 

At  least  one  member  of  the  panel  indicated 
that  the  characterization  of  thermistors  Is  so 
variable  as  to  make  it  unuseable.  The  varia¬ 
bility  of  thermistors  was  a  common  complaint  among 
most  panel  members.  However  it  was  agreed  that 
there  are  cases  where  the  nominal  thermistor  data 
may  be  used.  Varactors  are  generally  specified 
according  to  nominal  value  and  slope.  There  is 
enough  variability  among  devices  such  that  the 
entire  compensation  network  may  be  affected.  There 
was  a  general  feeling  that  the  quality  of  data  for 
the  crystal  has  improved  during  the  past  five 
years  and  because  of  this  the  hysteresis  and 
coupled  mode  analysis  will  become  easier. 

Q:  What  are  the  effects  of  sealing  on  compensation 
changes? 

There  is  little  information  available  on  this 
topic  fundamentally  because  most  manufacturers 
have  avoided  extensive  sealing  of  units,  The 
broader  range  of  environmental  specifications, 
including  tighter  humidity  specifications,  may 
require  sealing  of  units  in  the  future.  It  may  be 
possible  to  accomplish  this  sealing  with  a  low- 
temperature  hermetic  seal.  Circuit  coards  and 
components  that  absorb  moisture  may  become  a  prob¬ 
lem  at  some  point.  'Hie  change  in  the  stray 
capacitance  of  coils,  due  to  a  condensing  humidity 
environment,  is  presently  one  of  the  most  serious 
environmental  considerations. 

Q:  What  are  some  of  the  major  problems  that 
remain  in  TCXO  production? 

A  common  concern  expressed  by  members  of  the 
panel  was  the  question  of  crystal  hysteresis.  This 
phenomena  may  be  the  limit  factor  in  the  production 
of  a  1  ppm  oscillator.  The  question  of  how  to 
minimize  the  hysteresis  was  put  forth  as  a  vital 
concern  to  all.  Other  problems  mentioned  included 
trim  range,  room  offset  and  frequency  stabilitv 
problems.  With  regard  to  frequency  adjustment  re¬ 
quirements  continuing  improvement  in  the  quality 
and  characteristics  of  the  basis  crystal  will  lead 
to  an  almost  total  elimination  for  this  operation. 
T<"»day  a  range  of  +  10  ppm  is  no  longer  necessary 
for  some  units. 

Q:  What  are  the  testing  and  bum  in  requirements 
likely  to  be  for  the  future? 

Termperature  runs  will  obviously  continue  to 


be  required  for  a  long  time.  A  ramp  cycle  is 
necessary  for  the  design  phase  but  logistical 
problems  limit  its  usefulness  in  production. 
Discrete  temperature  runs  are  much  easier  to 
accomplish  but  must  include  enough  points  to  truely 
characterize  the  unit  under  test.  The  trend  for 
bum  in  is  moving  toward  a  100%  burn  in  of  all 
units  shipped.  This  probably  the  only  effective 
way  to  eliminate  the  DOA  and  bad  agers. 

The  following  three  papers  were  presented  as 
further  background  material. 


563 


I  .  -  36th  Annual  Frequency  Control  Symposium  ■  1982 

\ 

methods  of  temperature  compensation 


M.  E,  Frerking 
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Rockwell  International  Corporation 


Temperature  compensation  of  crystal  oscilla¬ 
tors  has  been  successfully  employed  since  the 
early  1960's  and  a  large  number  of  networks  and 
techniques  have  been  employed  with  varying 
degrees  of  success.  This  pa^er  addresses  several 
of  the  major  methods  which  have  been  used  for 
compensation  of  precision  crystal  oscillators.^. 
The  methods  which  are  considered  are  enumeration  N 
in  Figure  1. 

Before  describing  these  methods,  it  may  be 
desirable  to  review  briefly  the  frequency  vs  tem¬ 
perature  characteristics  cf  AT  and  SC  cut  crys¬ 
tals.  These  are  shown  in  Figure  z  for  angles  of 
cut  which  are  nearly  ontimum  for  temperature 
compensation  over  the  MIL  temnerature  range.  We 
note  that  the  uncompensated  AT  cut  crystal  has  a 
frequency  deviation  of  about  +  15  ppm.  It  can 
be  optimized  for  a  deviation  of  about  +  1  ppm 
over  the  0  to  50  C  temperature  range.  The  SC 
cut  on  the  other  hand  has  a  deviation  of  about 
+  50  ppm.  Thus  a  greater  degree  of  improvement 
is  required  for  the  SC  cut  crvstal  if  it  is  to  be 
used  over  a  wide  temperature  range.  The  SC  cut 
crystal  promises  to  hold  several  acivantes  for 
TCXO  applications.  Among  those  reported  are 
reduced  frequency  h,,sterceis,  greatly  improved 


temperature  transient  performance,  and  lower  aging 
rates.  The  AT  cut  crystal  has  been  used  with  both 
analogue  and  digital  temperature  compensation 
techniques,  while  most  of  the  investigation  with 
SC  cuts  has  involved  one  of  the  digital  methods. 

The  basic  analogue  compensated  TCXO  is  shown 
in  the  block  diagram  of  Figure  3.  In  this 
diagram  a  varactor  is  placed  in  the  oscillator, 
usually  in  series  with  the  crystal,  so  that  it  can 
pull  the  frequency  of  the  crystal  by  exactly  the 
same  amount  but  in  the  opposite  direction  that  it 
has  drifted  due  to  temperature.  This  is  shown  in 
the  graph  in  the  lower  portion  of  Figure  3.  The 
solid  curve  represents  the  frequency  change  of 
the  crystal  over  the  temperature  range,  while  the 
dotted  curve  shows  the  frequency  pulling  effect 
of  the  varactor.  If  the  varactor  bias  is 
carefully  generated  as  a  function  of  temperature, 
a  nearly  zero  temperature  coefficient  can  be  ob¬ 
tained  over  a  wide  temperature  range.  TCXO's  of 
this  type  have  been  used  to  obtain  a  frequency 
stability  of  +0.5  ppm  over  a  wide  temperature 
range.  Most  of  the  units  have  employed  fundamen¬ 
tal  mode  crystals  and  have  been  in  the  3  to  20 
MHz  frequency  range.  The  AT  cut  fundamental 
crystal  seems  to  be  nearly  optimum  for  temperature 
compensation  in  the  3  to  5  MHz  frequency  range. 
Third  overtone  crystals  have  also  been  extensively 
used,  however,  fifth  overtone  units  are  quite 
difficult  to  pull  and  have  generally  not  been 
used  in  TCXO's  to  date.  Many  variations  of  the 
resistor  thermistor  network  have  been  used,  and 
some  have  advantages  over  others  particularly  in 
the  upper  temperature  range.  For  the  network 
shown,  which  will  be  discussed  subsequently,  it  is 
desirable  to  use  an  AT  cut  fundamental  mode  crys¬ 
tal  with  a  frequency  deviation  of  30  to  40  ppm 
between  turning  points.  The  crystal  should  have 
a  motional  arm  capacitance  of  about  .012  pf.  The 
oscillator  is  designed  to  have  a  pullabilitv  of 
around  35  ppm  for  a  voltage  range  of  perhaps  1  to 
3  V  on  the  varactor.  This  usually  results  in  a 
varactor  in  the  33  to  47  pf  range. 

The  resistor  thermistor  network  is  shown  in 
more  detail  in  Figure  4,  This  network  achieves  a 
considerable  degree  of  independence  of  adjustment 
over  the  temperature  range  because  of  the  values 
chosen  for  the  thermistors.  The  cold  thermistor, 
TR1  has  a  nominal  value  of  2  to  4  K  vith  a  of 
4410.  The  room  temperature  thermistor  has  a 
resistance  of  100  K  with  a  of  3900,  and  hot 
thermistor,  RT3  has  a  resistance  of  5  Meg  with  a 
5850.  Thjjs  in  the^cold  temperature  range  of  the 
TCXO  at  -40  C  or  -55°C,  the  room  temperature 
thermistor  and  the  hot  thermistor  are  for  practi- 
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cal  purposes  open  circuits.  The  output  voltage 
V  is  then  determined  by  the  cold  thermistor, 

R^l,  and  the  cold  resistor,  R2.  As  the  tempera- 
cure  increases,  the  output  voltage  Jecreases, 
pulling  the  oscillator  frequency  down  to  compen¬ 
sate  for  the  positive  slope  of  the  crystal  in 
the  cold  temperature  region.  As  the  temperature 
approaches  the  room  temperature  region,  the 
cold  thermistor  resistance  decreases  until  it 
becomes  relatively  negligible  compared  to  Rl. 

The  network  output  is  then  most  strongly  influ¬ 
enced  by  Rl  and  RT2.  This  results  in  a  positive 
voltage  slope  with  temperature  to  compensate  for 
die  negative  slope  of  the  crystal  in  this  region. 
Finally  in  the  upper  temperature  region  both  the 
cold  thermistor  and  the  room  temperature 
thermistor  have  decreased  in  value  to  where  they 
are  only  of  secondary  importance.  The  network 
input  voltage,  V.,  then  appears  on  the  left 
side  of  R3,  and  the  performance  ir  essentially 
determined  by  R3  and  RT3.  This  again  results 
in  a  negative  voltage  slope  to  compensate  the 
positive  temperature  coefficient  of  the  crystal 
bevond  the  upper  turning  point. 

Manual  temperature  compensation  can  be 
accomplished  by  replacing  the  Rl,  R2,  and  R3  by 
potentiometers  or  resistance  decade  boxes,  and 
following  a  procedure  similar  to  that  described 
below. 

Adjust  Rl  for  on  frequency  operation  at 
2  5' C.  Cool  the  TCXO  to  the  cold  extreme  and 
adjust  R2  for  on  frequency  operation.  If  a 
large  adjustment  was  required,  the  procedure 
rust  be  repeated.  The  frequency  is  next  checked 
in  the  vicinity  of  the  lower  turning  point.  If 
it  is  too  high,  the  pullahility  must  be  in¬ 
creased.  Tf  too  low,  the  pul  lability  must  he 
decreased.  A  change  in  pullahility  will  unfor¬ 
tunate  lv  make  it  necessary  tv'*  begin  the  compen¬ 
sation  procedure  again.  After  the  cold  tempera¬ 
ture  region  has  been  compensated,  the  resistor 
is  adjusted  to  put  the  unit  on  frequency  at 
the  highest  temperature.  A  final  confirming 
temperature  run  is  then  made.  Failure  to  meet 
the  spec i f i eat  ion  at  this  point  requires  that 
some  parameter  he  changed  depending  on  where  the 
, vre^sive  diviation  is  encountered.  It  has  been 
found  that  tile  test  operators  become  quite 
skilled  with  the  procedure  and  a  large  number  of 
IOb'Vs  have  been  compensated  to  +  0.5  ppm  over 
l be  -55VC  to  75  C  temperature  range  using  this 
procedure.  The  procedure  generally  requires  3 
io  t tmper.it tire  runs. 

i'his  experimental  analogue  method  of  tempor- 
it’ir.'  compensation  has  been  used  for  over  two  de¬ 
cide*-;,  however,  most  recent  designs  have  employed 
a  computer  program  to  assist  in  selection  of  the 
resistors  and/or  thermistors  of  the  compensation 
network.  Two  methods  of  computer  aided  compensa¬ 
tion  are  discussed.  The  first  uses  measured 
rrvstu!  parameters  along  with  the  nominal  data 
for  the  thermistors  and  the  varactor.  This 
met  bed  has  also  been  referred  to  as  the  no  pull" 
method . 

A  flow  diagram  for  the  computer  program 
developed  bv  the  author  is  given  irt  Figure  5. 
Nominal  data  for  the  TCXO  type  being  compensated 
Is  read  into  the  computer  from  a  disc  file.  The 
three  coefficients  for  the  cubic  equaMon  of  the 


crystal  are  then  inputted  from  the  terminal.  The 
operator  is  then  given  the  opportunity  to  modify 
any  parameters  he  desires  and  the  program  gener¬ 
ates  the  resistor  values  using  an  iterative  pro¬ 
cess.  All  values  for  the  TCXO  are  then  stored  by 
serial  number,  and  the  test  select  values  are 
printed  for  the  operator  who  then  installs  the 
components.  The  major  equations  used  by  the 
program  are  shown  in  Figure  6. 

It  is  desirable  to  obtain  the  crystal  coefficients 
A^t  and  A^  from  measurements  on  the  indivi¬ 
dual  crystals,  although  for  certain  tolerance 
studies  the  formulas  given,  based  on  angle  of  cut, 
can  be  useful. 

After  finding  the  crystal  temperature  drift, 
the  next  formula  can  be  used  to  determine  the 
load  capacitance  necessary  to  pull  the  crystal 
back  to  frequency.  Having  found  the  load  capa¬ 
citance,  the  required  varactor  capacitance  can  be 
determined.  From  this  capacitance,  the  required 
network  voltage  can  be  determined.  This  is  done 
for  temperatures  spaced  about  10  C  over  the 
temperature  range.  An  iterative  procedure  is 
then  used  to  determine  the  network  resistor  values 
and  the  pullahility.  The  program  Is  written  in 
PASCAL  and  generally  achieves  a  frequ<  r.cy  stabi¬ 
lity  of  +  1  ppm  to  +  2  ppm  with  the  calculated 
values.  Provisions  are  also  made  to  input 
frequency  errors  from  the  confirming  temperature 
run.  These  errors  are  vised  by  the  program  to 
generate  corrected  resistor  values.  With  1  or  2 
correction  runs,  a  frequency  stability  of  +  1  ppm 
can  consistently  be  ohtaineo. 

The  second  method  of  computer  compensation 
is  shown  on  the  flow  diagram  of  Figure  7.  With 
this  method,  the  test  station  is  equipped  to 
measure  the  actual  thermistor  resistances  and  the 
required  resistance  values  as  well  as  the  sensi¬ 
tivity  of  each  resistor  at  several  temperatures, 
i'sing  this  method,  a  frequence  stability  of  +  0.5 
to  +  1  ppm  can  usually  be  obtained  with  the 
calculated  resistors.  With  several  correction 
runs,  a  stability  of  +0.5  ear  consistently  be 
obt  ained. 

Most  TCXO's  in  production  today  use  the 
method  of  analogue  temperature  compensat ion ,  how¬ 
ever,  ns  advances  continue  to  he  made  witl  digital 
and  into 'rat cd  circuit  technology,  the  use  of 
digital  temperature  compensation  is  becoming  mi  ta 
attractive.  The  block  diagram  of  a  digitally 
compensated  crystal  oscillator  is  shown  in  Figu*-' 
8.  A  reasonably  linear  temperature  sensor  is 
used  to  generate  a  voltage  which  is  proportional 
to  temperature.  Tlr  •  voltage  is  converted  tc  a 
digital  word  using  the  A/P  converter.  The 
digital  output  of  the  converter  is  used  as  tin- 
address  for  a  PROM.  The  memory  is  preprogrammed 
so  that  the  word  being  addressed  at  a  specific 
temperature  cent  ait.  s  the  correction  value  re¬ 
quired  at  that  temperature.  The  correction  value 
is  then  applied  to  a  P/A  converter  which  converts 
it  to  a  voltage  w’hich  is  applied  to  the  varactor. 
This  technique  has  been  used  to  achieve  frequency 
stabilities  in  the  +0.5  ppm^regien  over  a  vide 
temperature  range  or  +  5x10  over  the  0  to  50  0 
range , 

The  digital  system  results  in  errors  due  to 
the  use  of  finite  arithmetic  and  the  equal 'ions 
describing  two  of  the  major  sources  of  **rror  are 
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given  in  Figure  9.*  The  first  equation  gives 

the  error  due  to  an  A/D  converter  with  b^  bits, 

while  the  second  describes  the  error  due  to  a 

D/A  converter  with  b  bits.  For  a  TCXO  with  a 
V  o 

total  temperature  excursion,  T  ,  of  140  C  and  a 
crystal  with  a  maximum  slope,  ?,  of  1.4  ppm/°C, 
a  9  bit  A/D  converter  results  in  an  error  of 
about  0.2  ppm.  Additionally,  an  8  bitgD/A 
converter  results  in  an  error  of  6x10”  if  the 
total  frequency  excursion  of  the  crystal  is  35 
ppm. 

An  equation  which  can  be  used  to  optimize 
the  memory  size  is  given  at  the  top  of  Figure  10.* 
If  this  equation  is  satisfied,  then  the  minimum 
number  of  memory  locations  required  to  achieve 
a  frequency  stability  f/f  is  given  by  the  lower 
equation.  Using  these  equations  it  can  be 
shown  that,  over  the  -55  to  +85  C  temperature 
range,  a  0.1  ppm  tolerance  can  theoretically  be 
obtained  with  1161  10  bit  words.  A  tolerance 
of  +0.5  ppm  can  be  obtained  with  224  8  bit 
words.  Unfortunately,  some  of  the  errors  which 
are  present  in  analogue  TCXO' s  are  also  present 
in  digital  TCXO's  and  the  total  tolerance  cannot 
be  allowed  for  the  digital  system.  Among  these 
errors  are  crystal  hysteresis,  voltage  changes, 
load  variations,  temperature  transient,  aging 
adjustments  and  the  like. 

Crystal  oscillators  have  also  been  tempera¬ 
ture  compensated  using  microcomputers,  A  block 
diagram  of  a  microcomputer  compensated  oscillator 
is  shown  in  Figure  11.  Here  the  PROM  of  the 
digitally  compensated  crystal  oscillator  in 
Figure  8  has  been  replaced  by  a  microcomputer 
and  a  PROM.  The  flow  chart  for  the  micro¬ 
computer  program  is  shown  in  Figure  12.  Basi¬ 
cally  the  temperature  in  digital  form  is  inputted 
to  the  microcomputer.  The  computer  then  searches 
out  the  closest  stored  correction  values  in  the 
memory,  interpolates  between  them  and  outputs 
the  required  correction  to  the  D/A  converter. 

The  use  of  a  microcomputer  has  several  advantages 
over  digital  compensation  because  a  smaller 
memory  can  be  used.  Additionally  the  micro¬ 
computer  allows  the  use  of  a  simpler  A/D  con¬ 
verter.  For  example,  it  can  count  the  frequency 
of  a  thermistor  controlled  temperature  sensor 
oscillator  or  determine  the  period  of  a  ther¬ 
mistor  controlled  timer. 

An  equation  which  can  be  used  for  interpola¬ 
tion  is  shown  at  the  top  of  Figure  13.  In  this 
equation  V.  represents  the  correction  required 
at  temperature  T^  below  the  present  ambient 
temperature,  T2  and  V.  i3  the  correction  at  T^ 
above  the  present  ambient. 

Errors,  or  course,  result  from  the  use  of 
linear  Interpolation.  For  a  typical  A^  cut 
crystal,  this  errog  is  less  than  1x10  for 
points  stored  at  3UC  intervals.*  The  error  in¬ 
creases  approximately  as  the  square  of  the 
spacing. 

A  power  series  representation  of  the  correc¬ 
tion  voltage  can  also  be  used  by  the  microcomputer 
rather  than  the  method  of  Interpolation.  This  is 

*For  additional  details  see  Crystal  Oscillator 
Design  and  Temperature  Compensation,  Marvin  E. 
Fierking,  Van  Nostrand  Reinhold  Co.,  1978, 
pp  154-157. 


shown  by  the  second  equation  of  Figure  13.  It 
should  be  noted,  however,  that  if  only  3  terms  of 
the  power  series  are  used,  errors  of  a  few  ppm 
can  result ,  and  it  may  be  necessary  to  Include 
higher  order  terms.  Finally,  the  last  equation 
gives  the  error  resulting  from  the  finite 
correction  time  required  by  the  microcomputer. 

Here  R  is  the  rate  of  change  of  temperature  of 
the  TCXO,  and  t  is  the  time  requiredQto  determine 
the  correction.  For  example  if  R  ■  2  C/minute  and 
t  -  50  msec,  then  if  the  crystal  slope  is 
1.4ppm/°C,  the  error  resulting  is  2.3x10  ’ . 

The  final  method  of  temperature  compensation 
listed  in  Figure  1  is  external  temperature  com¬ 
pensation.  With  this  method  the  crystal  is  not 
actually  pulled  to  frequency  by  changing  the 
varactor  voltage.  Rather  the  correction  is 
applied  in  some  other  way  which  may  be  tailored 
to  a  specific  application.  For  example  if  the 
oscillator  is  used  as  the  time  base  for  a 
frequency  counter,  the  output  reading  of  the 
counter  can  be  digitally  corrected  for  the  known 
frequency  error.  If  the  oscillator  drives  a  time 
of  day  clock,  the  time  can  be  corrected  periodi¬ 
cally.  This  technique  has  been  referred  to  as  a 
Time  Compensated  Clock  Oscillator.  The  closk  can 
also  be  corrected  by  the  addition  or  deletion  of 
pulses  from  the  oscillator. 

This  brief  description  of  TCXO  techniques  is 
intended  to  give  the  reader  an  overall  under¬ 
standing  of  the  principles  involved  in  temperature 
compensation.  Obviously  a  great  deal  of  detailed 
knowledge  and  experience  is  required  to  achieve 
a  high  degree  of  frequency  stability  improvement. 
The  reader  is  therefore  advised  to  seek  more 
specific  information  on  any  method  contemplated 
for  use  prior  to  attempting  precision  temperature 
compensation. 
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This  paper  describes  a  method  of  utilizing 
*  a  low  frequency  mode  of  vibration  of  an  AT  cut 
resonator  to  temperature  compensate  a  second  AT 
cut  resonator  to  an  accuracy  of  +  2  pp  10?  over 
the  temperature  range  0  C  to  70  C. 

In  the  DMDTCXO  (Dual  Mode  Digitally  Temper¬ 
ature  Compensated  Crystal)  a  two  loop  oscillating 
scheme  was  developed  to  allow  a  3.0  MHz  AT  cut 
resonator  to  vibrate  in  two  modes  of  oscillation, 
approximately  half  the  time  each,  as  shown  in 
Figure  1.  The  810  kHz  low  frequency  mode  used 
was  digitized  to  an  eight  bit  address,  and  an 
eight  bit  correction  word  was  used  to  compensate 
the  3.0  MHz  mode  of  the  resonator. 

The  second  oscillating  loop  contains  a  se¬ 
cond  AT  cut  3.0  MHz  resonator  that  oscillates 
continuously.  For  one-half  of  the  time  the  se¬ 
cond  resonator  is  phase-locked  to  the  first  re¬ 
sonator.  During  the  remaining  half  cycle,  the 
output  is  held  at  its  previous  value  to  present 
a  continuous  output  from  the  system.  If  the  fre¬ 
quency  does  not  change  too  much  before  the  loop 
is  closed  again,  then  the  system  can  remain  at  a 
steady  state  frequency  locked  condition. 


System  Timing 

The  system  timing  diagram  is  shown  in 
Figure  2.  CLK2  enables  the  temperature  sensing 
low  frequency  mode,  while  CLK2  enables  the  AT 
mode  of  resonator  XI.  The  system  is  phase- 
locked  during  the  sample  portion  of  S/H.  and  held 
at  this  locked  value  during  HOLD.  A  temperature 
address  is  counted  at  the  signal  labeled  COUNT, 
and  latched  onto  the  address  buss  by  the  two 
latching  signals. 

Resonator 

The  resonators  used  had  the  following 
physical  parameters:  blank  diameter  13.5  mm, 
electrode  diameter  5.2  mm,  plano-convex  with 
5.00  diopter  contour. 

The  electrical  parameters  for  the  AT  mode 
are  shown  in  Figure  3.  Some  of  the  possible  low 
frequency  modes  for  the  resonator  are  given  in 
Figure  4,  w^th  the  values  in  parentheses  being 
calculated.  The  equivalent  electrical  para¬ 
meters  for  the  flexure  mode  used  are  given  in 
Figure  5. 

Results 

Frerking  describes  the  maximum  error  in  a 


digitally  compensated  system  such  as  this  by  the 
following  relation: 

f  =  S  T  +  F  1 
2  n  2  2B 

Here  S  =  the  maximum  frequency  versus  temperature 
slope  in  ppm /  C;  T  *  the  temperature  range  of  the 
compensation  in  C:  n  =  number  of  words  in  the 
memory;  F  *  the  maximum  peak  to  peak  frequency 
deviation  in  ppm;  B  *=  the  number  of  bits  in  a  ^ 
correction  word;  and  f  =  total  freguency  error. 
For  the  resonator  used,  S  *  .7  ppm/  C,  T  =  70  C, 

F  =  25ppm,  B  =  8,  and  n  =  140.  Tbe  maximum 
frequency  error  should  be  2  pp  107. 

The  compensated  frequency  vs.  temperature 
curve  is  shown  in  Figures  6,  and  7.  An  analysis 
of  the  data  shows  that  the  greatest  error  is  +  2 
pplO  •  This  error  occurs  around  room  temperature 
where  the  contribution  from  the  slope  of  the 
curve  is  a  maximum. 

The  compensated  resonator  was  run  over  the 
temperature  range  25  C  to  50  C  at  several 
temperature  rates,  shown  in  Figure  8.  This  is  the 
expected  temperature  transient  response  of  an  AT 
cut  resonator  with  a  slight  improvement  over  an 
uncompensated  resonator. 

To  determine  the  degree  of  hysteresis  in  the 
system,  each  resonator  was  subject  to  the 
following  test.  After  stabilizing  for  one  hour 
at  the  address  corresponding  to  20  the  system 
was  cooled  to  0  then  heated  to  70  C,  and  then 
cooled  hack  to  20  C.  Here  each  resonator  was 
stabilized  at  the  address  corresponding  to  20  C 
for  one  hour.  The  frequency  difference  between 
the  resonator  after  the  temperature  run  and 
before  was  noted  and  is  recorded  in  Figure  9. 

The  data  shows  that  only  two  of  the  ten 
resonators  tested  showed  any  hysteresis  effects. 
The  amount  of  hysteresis  exhibited  hv  these  two 
resonators  was  .1  Hz  (3.3pp  10*;.  This  hysteresis 
could  be  attributed  to  round  off  error  in  the  data 
taking  technique,  seeing  that  the  frequency 
counter  used  was  only  accurate  to  +  .1Hz.  Further 
work  must  be  done  to  determine  what  level  of 
hysteresis  actually  exists  in  the  system. 

Conclusion 

The  use  of  a  temperature  sensing  mode  of 
oscillation  in  digitally  compensated  systems 
using  SC  cut  resonators  has  received  much  atten¬ 
tion  recently.  This  paper  presented  a  method  of 
using  a  temperature  sensing  mode  in  an  AT  cut 
resonator  to  achieve  good  results  in  the  +  2  pplf> 
range.  Further  areas  of  study  might  serve  to 
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Improve  Che  spectral  purity,  reduce  data  taking 
requirements,  and  finally  design  a  resonator  that 
would  have  a  temperature  sensing  mode  that  would 
compensate  for  the  temperature  transient  response 
and  hysteresis  effects  known  to  exist  for  the 
AT  cut  resonator. 
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V 

A  method  of  tempexotuxe  compensating  a 
pul table  SC  Cut  quaxtz  cxystal  is  pxesented. 

The  8  and  C  mode*  of  the  SC  Cut  axe  xesonated 
simultaneously.  The  8  mode  it  used  as  a  tem- 
pexatuxe  Aenao*  which  hat  a  lineaxitij  of  -25 
ppm/°C.  The  C  mode  it  compensated  using  the 
tempexotuxe  information  £n.om  the  8  mode.  A 
dual  mode  oscitlatox.  it  developed  which  allows 
the  fxequency  of  the  C  mode  to  be  contx.o  lied 
without  affecting  the  B  mode.  A  digital  com¬ 
pensation  method  utet  a  RAM  fox  on  boa\d  in- 
foxmaticn  storage  and  pxogxatming.  The 
addxcsi  to  the  RAM  it  tempexotuxe  generated  and 
the  output  the  RAM  is  convexted  to  a  voltage 
to  contxcl  the  C  mode  oscitlatox.  The  compen¬ 
sation  info  xmat  ion  is  pxogxammed  automatically, 
duxing  a  tempexotuxe  slew  of  1.S°C/min using 
a  phase- locked- loop,  an  up/ down  ccuntex  and  a 
txack- and-  hold  eixeuit  all  of  which  axe 
connected  to  the  oscitlatox  only  duxing  the 
ptoq'ramcnp  step.  ^Jhe  system  was  compensated 

-20° C  to  *  7r>C  and  accomplished  an 
accuxacy  of  ♦  .5  ppm  ,iuxing  a  fast  tempexotuxe 
scan  of  S9Cfmin. 

INTRODUCTION 

Up  until  very  recently,  temperature  com¬ 
pensated  crystal  oscillators  (known  as  TCXO's) 
have  almost  always  used  the  AT  Cut  quartz 
crystal.  They  also  incorporate  a  temperature 
sensing  means  located  externally  or  outside  of 
the  crystal  enclosure.  This  has  led  to  two  very 
characteristic  traits  of  TCXO's  and  they  are 
1)  largo  unpredictable  frequency  excursions 
during  temperature  shock  conditions  and  2) 
frequency  errors  due  to  the  thermal  lag  between 
the  crystal  and  the  temperature  sensing  devices. 

Within  the  last  decade,  a  new  quartz  crystal 
orientation  has  been  developed  called  the  SC  Cut. 
It  retains  most  of  the  gooa  qualities  of  the  AT 
Cut  such  as  a  low  frequency- temperature  coeffi¬ 
cient.  Yet  it  eliminates  some  of  the  bad 
qualities  like  the  AT  Cut's  temperature  shock 
sensitivity. 

The  SC  Cut  is  a  doubly  rotated  quartz  crys¬ 
tal.  It  has  an  orientation  of  (0,0)  =  (21.9°, 
33.9°)  about  the  Z  and  X  crystalographic  axes. 

Tts  modal  spectrum  shown  in  Figure  1  is  very 
rich  and  must  be  dealt  with  accordingly  in  os¬ 
cillator  designs.  The  main  mode  of  interest  is 
the  C  mode  and  this  is  because  it  is  similar  to 
the  AT  Cut  fundamental  except  that  the  stress 
sensitivity  of  the  C  mode  is  830  times  less 
sensitive  to  stress.  A  graph  comparing  the 


sensitivities  of  various  cuts  is  shown  in  Figure  2. 

Another  mode  of  interest  is  the  B  mode  which 
is  located  about  10%  higher  in  frequency  than  the 
C  mode.  The  B  mode  is  worthy  of  mention  because 
it  has  a  linear  frequency- temperature  coefficient 
of  approximately  -25  ppm/oc.  It  has  been  shown 
that  this  mode  can  be  a  very  accurate  temperature 
sensor  of  the  crystal  blank. * 

The  SC  Out  has  not  been  easily  applicable  in 
TCXO's  up  to  now  because  of  its  inherent  stiffness 
characteristics  due  to  a  Co/Cl  ratio  which  was 
almost  three  times  that  of  AT  Cuts.  Its  initial 
applications  were  in  ovenized  oscillators  which  do 
not  consider  stiffness  or  pullability  in  their 
temperature  compensating  schemes.  However,  SC  Cuts 
now  exist  which  offer  limited  but  practical  pull- 
ability  ranges  for  use  in  TCXO's. 

Two  SC  Cuts  are  used  in  this  study.  They  are 
Loth  5.115  MHZ  fundamentals  manufactured  by 
Colorado  Crystal  Corporation  of  Lovoland,  Colorado. 
Their  parameters  ana  temperature  characteristics 
are  shown  in  Figure  3.  With  the  parameters  shown, 
the  approximate  pullability  of  each  crystal  is 
about  60  ppm.  This  somewhat  limits  the  maximum 
compensatable  temperature  range  to  -40°  to  +  100°C 
because  the  frequency  excursion  of  the  crystal  at 
the  low  end  of  the  temperature  range  exceeds  the 
pullability  of  the  crystal. 

The  purpose  of  this  study  is  to  investigate 
the  possibility  of  an  SC  Cut  TCXO  which  uses  the 
B  mode  frequency  as  an  on-blank  temperature  sensor 
to  compensate  the  C  mode  over  a  temperature  range 
of  -20°C  to  70°C  with  an  accuracy  of  ±.4  ppm  which, 
as  calculated  using  a  formula  for  worst  case  fre¬ 
quency  error  by  Frerking2,  is  all  that  is  theo¬ 
retically  possible,  given  the  crystal  character¬ 
istics  and  some  other  digital  constraints  which 
will  be  mentioned  later. 

In  order  to  accomplish  this  goal,  a  dual  mode 
oscillator  had  to  be  developed  which  offered  good 
isolation  and  independent  control  over  each  mode. 

A  digital  compensation  system  also  had  to  be  de¬ 
veloped  which  could  store  and  recall  compensation 
information  to  stabilize  the  C  mode  over  temper¬ 
ature.  Due  to  the  time  constraints  of  the  study 
an  automatic  compensation  system  had  to  be  devised 
to  speed  up  the  manual  compensation  process. 

DUAL  MODE  OSCILLATOR 

The  dual  mode  oscillator  consists  of  one 
5.115  MHZ  SC  Cut  quartz  crystal  surrounded  by  two 
Pierce  oscillators  which  are  composed  of  two  cas- 
code  amplifiers  and  two  selective  filters  as  shown 
in  Figure  4.  The  cascode  amplifier  is  required  to 
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provide  good  input  to  output  isolation  and  the 
necessary  gain  for  startup  and  circuit  losses 
during  oscillation.  One  cascode  stage  is  required 
for  each  mode.  A  selective  filter  is  required  at 
the  input  of  each  cascode  amplifier  in  order  to 
separate  the  desired  mode  with  a  certain  degree 
of  isolation  from  the  other  mode. 

The  filter  passes  only  the  desired  mode  to 
the  input  of  the  cascode  amplifier.  The  other 
mode  is  trapped  out.  The  tapping  point  for  each 
mode  is  after  the  filter  or  on  the  input  of  the 
cascode  amp. 

The  filters  are  a  combination  of  a  series 
pass  and  a  parallel  trap  filter.  Component 
values  are  calculated  using  the  formulas  in  Table 
1.  Note  that  there  are  two  different  networks. 

One  has  a  capacitance  series  element  and  the 
other  has  an  inductive  series  element.  This  is 
due  to  the  difference  in  tne  relationship  of  the 
frequencies  illustrated  in  Figures  5  and  6.  In 
one  case  the  mode  to  be  passed,  fs,  is  higher 
than  the  mode  to  be  trapped,  fa,  and  vice-versa 
in  the  other  case.  The  networks  are  still 
basically  the  same. 

The  location  of  certain  capacitors,  shown 
in  Figure  4,  is  also  very  important.  These 
capacitors  (often  referred  to  as  "pi"  capacitors) 
arc  necessary  if  the  crystal  is  to  run  as  an 
equivalent  inductor  and  they  fulfill  the  require¬ 
ments  for  oscillation  in  such  a  case.  Normally 
location  is  on  both  sides  of  the  crystal, 
wvvor,  lor  this  application  one  of  the  ca- 
s.icitors  is  replaced  by  two  capacitors  and 
located  after  the  filters.  In  this  manner,  the 
renditions  for  resonance  in  each  oscillator  are 
;  1  :'i  1  led  only  for  those  frequencies  passed  by 
the  filters. 

Overall  the  dual  mode  oscillator  performed 
quite  well.  It  has  fair  isolation  (about  40db) 
which,  was  less  than  desired  but  still  practical. 

The  .-  mode  had  the  best  isolation.  The  C  mode 
■so : : ! v or  had  to  tolerate  the  hyperabrupt 
v  i r  rotor  in  its  filter  and  this  caused  some  loss 
:  isolation  at  the  extremes  of  the  varactor 
voltage.  Yet,  pulling  the  C  mode  had  no  effect 
the  B  mode  frequency.  The  voltage  coeffi¬ 
cient  w  irked  out  to  be  about  3  x  10“7  for  a 
vari  it  ion  of  *  . 5V  about  a  nominal  9V. 

The  tuning  of  the  oscillator  required  a 
'  .  i  *  1  e  patience  due  to  a  seesaw  effect,  of  one 
rv  ie  on  the  other.  For  good  isolation  the 
tuning  of  the  traps  in  the  filters  was  critical. 
Tht.-  isolation  of  the  B  mode  however  did  not 
require  as  much  isolation  since  it  was  only  being 
■unfed  interna Lly  so  most  of  the  tuning  procedure 
•  u:enf  rated  tin  the  C  mode  oscillator. 

Gne  problem  did  occur  with  activity  dips  in 
*  he  p,  mode  of  both  crystals.  One  crystal  had  a 
l\:  between  ^5°-G>5°C.  The  other  crystal  also  had 
me  but  it  was  above  80°C  so  this  crystal  was  used 
fot  •onponsat ion . 

DIGITAL  COMPENSATION  SYSTEM 


The  block  diagram  of  the  digital  conpen- 
sifi'  r.  system  is  shown  in  Figure  7.  The 
principle  of  the  system  is  to  generate  a  correc- 
*:  ion  voltage  to  be  applied  to  the  C  mode  voltage 
controlled  oscillator.  The  correction  voltage 


will  be  generated  by  a  digital-to-analog  cor.verte 
and  a  sample-and-hold  circuit.  The  digital  m:  _a: 
mation  to  the  DAC  is  from  the  output  of  a  ^36  x  a 
CMOS  random  access  memory.  The  address  f  or  ;  h#- 
RAM  is  generated  by  an  eight  bit  '  uency  -  e 
which  samples  the  B  mode  of  the  v  ■*■. .  TP 
base  for  the  counter  is  generated  by  i  ;i’  .. 
state  machine  which  also  generates  the  otnei  re¬ 
quired  logic  signals.  The  clock  for  the  C  mode 
output  is  a  divided  down  version  of  the  C  mode. 

The  flow  chart  in  Figure  8  shows  t he  uraer 
of  sequence  for  the  logical  operations.  Yz.r  the 
first  three  states  the  system  is  in  a  REAP  RAM 
state  which  means  that  the  RAM  is  just  outfitting 
its  stored  contents.  However,  in  the  first  state 
the  address  to  the  RAM  is  being  setup  by  clearing 
the  counter.  In  the  next  state  the  counter  is  en 
abled  for  a  precise  time  interval  allowing  the  5 
mode  to  be  counted.  At  the  end  of  this  interval, 
the  counter's  output  is  latched  which  updates  the 
addressing  of  the  RAM.  If  the  TCXO  is  to  be  pro¬ 
grammed,  tne  signal  PGM  to  the  digital  state 
machine  is  pulled  high  externally  so  the  fourth 
state  is  implemented  whereby  the  R-V  line  of  the 
RAM  is  pulled  low  to  program  the  RAM .  Hopefully 
the  data  input  to  the  RAM  at  that  time  \s  correct 

The  premise  of  this  compensation  system  is 
that  the  frequency  of  the  B  mode  re; resents  an 
accurate  linear  temperature  sensor  which,  i:'  con¬ 
verted  to  digital  information  through,  a  frequency 
counting  scheme,  could  represent  unique  temper at u 
increments.  These  increments,  when  a:  plied  to  a 
RAM,  could  address  the  proper  compensation  infor¬ 
mation  necessary  to  correct  the  crystal's  fre ruen 
deviations  over  temperature.  The  actual  value 
of  the  address  of  the  compensation  data  is  n.t 
important;  it.  does  not  even  have*  to  be  known,  be¬ 
cause  the  RAM  is  programmed  on-bourd.  What  is 
important  is  that  each  address  is  unique  ;ind  re¬ 
peatable  for  a  '.liven  unique  measurement  .  the  ? 
mode. 

For  programming,  the  information  is  .ns  ut 
externally  via  a  24  pin  DIP  cable  which  con¬ 
nected  only  during  this  phase.  The  dut  *  .m.i 
address  are  also  monitored  for  record  in-:  ;  ui'pcte.: 
Programming  is  accomplished  by  holding  tht.-  7  :,M 
line  high  and  then  adjusting  the  digit  a'  ;n: uts  ■ 
that  the  C  mode  is  constantly  at  the  do  :  re  .i  fre¬ 
quency. 

The  temperature  must  be  char. gin  :  hvWiy  1 
constantly  at  a  slew  rate  of  about  .  V  run. 

Manual  programming  requires  S-^'  hour.- 
constant  attention.  If  one  address  is  missed,  it 
is  possible  to  poorly  compensate  one  or  twv  teme 
atures.  This  means  finding  and  re;,  ro a  mm  i  n  • 
these  addresses. 

One  solution  to  this  tedious  task  i-  *  . 
automatic  al  l y  oomper.su?  e  the  oscili  c  r.  .  . 

be  done  using  a  these- locked  loo;  jo  sh  'wn  in 
Figure  9.  The  oscillator  :  re  pie:;  -y  :  :  c  r  ;  uiu.i 
with  a  reference  frequency  in  ar.  .MC  1  .>4  X 
detector.  The  phase  difference  acne*,  ate.-  v  i*  » 
which  pulls  the  C  mode  v  •  v  i  I  l.tt  •. -r  u.  :  j  •.  :uc::.  y  c. 
which  is  compared  with  the  out;  ut  ot  t h.r  PAG. 

DAC  is  beinu  swept  by  a  4019*,  ei;ht  bit  u:  dew:, 
counter,  m  a  direction  dependent  on  the  reo-..  it 
the  comparison  of  the  DAC  output  and  the  ;  n a 
detector  voltage.  If  the  DAC  cut;  ut  is  lower  *;  .e 
the  ;  base  detector's,  the  counter  will  c-.  unt  u;  . 
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otherwise  it  will  count  down.  Or  if  the  fre¬ 
quencies  are  as  close  as  the  resolution  of  the 
DAC  will  allow,  the  counter  will  toggle  up  and 
down.  By  gating  certain  signals  from  the  digital 
state  machine  of  the  oscillator,  shown  in  Figure 
10,  the  RAM's  R/W  signal  will  be  controlled  in 
such  a  way  so  that  data  is  programmed  only  when 
the  DAC  is  toggling  on  the  high  side  of  the  phase 
detector  voltage.  This  is  done  for  optimum  com¬ 
pensation  results. 

RESULTS 

After  a  certain  amount  of  time,  dealing  with 
poor  results  due  to  activity  dips  of  the  B  mode 
and  low  frequency  jitter  in  synthesizer  used  for 
the  reference  frequency,  some  favorable  results 
occurred.  The  test  runs  were  done  very  quickly 
because  I  was  pressed  for  time.  The  programming 
of  the  compensation  information  was  done  at  about 
1.5°C/min.  from  cold  to  hot  after  allowing  the 
oscillator  to  settle  at  the  cold  end  for  15  min¬ 
utes.  No  heat  treating  or  other  stabilizing 
procedures  were  performed.  Also  the  oscillator 
had  no  enclosure  other  than  a  cardboard  box  to 
reduce  drafts  on  the  crystal. 

Usually  the  final  test  was  performed 
immediately  after  the  compensating  step.  The 
compensation  and  monitoring  equipment,  outside  of 
the  oven,  was  equipped  to  switch  over  from  com¬ 
pensation  to  final  frequency  testing  without 
opening  the  oven. 

Figure  11  is  a  typical  result  of  a  temper¬ 
ature  run.  The  increased  error  at  the  cold  end, 
due  to  the  high  slope  of  the  crystals  f-T  curve, 
is  a  characteristic  of  digitally  compensated 
systems  with  equally  spaced  temperature  compen¬ 
sated  points.  If  more  temperature  points  (or 
addresses)  could  be  assigned  to  the  cold  end  this 
problem  could  be  minimized. 

For  a  slew  rate  of  about  6°C/min.  the 
results  are  within  ±  .5  ppm  with  most  of  the 
error  at  the  cold  end.  Cn  the  second  page  of  the 
figure,  the  chart  shows  what  happens  when  the 
upper  temperature  limit  is  exceeded.  Initially 
the  frequency  goes  lower  (towards  the  top  of  the 
chart)  as  the  addresses  start  to  repeat.  The 
natural  f-T  curve  of  the  crystal  is  taking  control 
of  the  frequency.  The  chart  also  shows  the  os¬ 
cillator  coming  back  within  the  limits  to  the  same 
frequency  for  which  it  was  compensated.  This 
indicates  good  address  repeatability.  Afterwards 
the  oven  is  stepped  to  room  temperature  (by 
blasting  C02) .  While  the  temperature  is  changing, 
the  frequency  increases  steadily  to  about  3  ppm 
above  the  compensated  frequency.  But  once  the 
C02  value  stops,  the  frequency  recovers  very 
quickly. 

In  Figure  12,  the  temperature  shock 
characteristics  are  repeated.  Every  two 
minutes  the  oven  temperature  is  reduced  by  10°C. 
The  increase  in  frequency  after  each  shock  is 
about  1  ppm. 

CONCLUSION 

This  investigation,  though  far  from 
exhausting  all  possibilities,  has  demonstrated  a 
feasibility  of  an  SC  Cut  TCXO  with  predictable 


stability  over  temperature.  It  points  out  the 
need  for  more  "pu liable"  SC  Cuts  as  well  as  the 
need  for  pullable  SC  Cuts  with  an  inflection  tem¬ 
perature  that  is  lower  than  room  temperature  so  as 
to  offset  the  high  slope  of  frequency  deviation 
at  the  cold  end. 

The  problem  with  the  B  mode  acivity  dips  is 
not  a  good  omen  if  this  method  is  to  be  used. 

The  B  mode  must  be  absolutely  predictable  if  it  is 
to  be  useful.  Since  little  of  the  manufacturing 
process  concerns  itself  with  these,  more  attention 
may  just  eliminate  them.  Obviously  this 
must  occur  for  this  compensation  method  to  be  in 
production. 

More  testing  should  be  done  on  the  temper¬ 
ature  shock  characteristics.  It  is  unclear 
whether  or  not  the  results  as  shown  are  a  result 
of  the  circuit  or  the  crystal.  There  are  other 
characteristics  which  should  be  tested  in  greater 
detail  such  as  frequency- temperature  hysterisis. 

The  dual  mode  oscillator  may  also  be  improved 
by  trying  a  cascode  hybrid  amp,  like  the  MC  1550 
by  Motorola,  because  this  device  offers  AGC 
control. 

There  are  also  many  ways  to  improve  the 
digital  compensation  schemes.  The  most  obvious  is 
to  increase  the  addressable  locations  which  will 
reduce  the  AT  between  the  compensated  temperature 
points.  It  would  also  help  to  have  more  compen¬ 
sation  at  the  extremes  of  temperature  where  the 
f-T  curve  of  the  crystal  is  greatest.  Of  course 
a  micro-processor  could  be  applied  to  interpolate 
data  between  known  temperatures  thereby  reducing 
memory  requirements  and  most  likely  replacing 
some  of  the  control  hardware  with  software. 


My  thanks  to  Colorado  Crystal  Corporation, 
CTS  Knights,  Inc.  and  Northern  Illinois  University 
for  their  assistance  in  the  development  of  this 
thesis. 
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Figure  7. 


Block  Diagram  of  Digital  Compensation  System. 


Figure  S.  Digital  State  Machine  Flow  Chart. 
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